


Cover. Ash billows from the vent of Mount St. Helens volcano, Washington, during
the catastrophic eruption that began at 8:32 a.m. Pacific Daylight Time on May 18,
1980. View is to the northeast. USGS photograph taken at about noon by Robert M.
Krimmel.



Volcanic Ash and Aviation Safety:
Proceedings of the First International Symposium
on Volcanic Ash and Aviation Safety

Edited by Thomas J. Casadevall

U.S. GEOLOGICAL SURVEY BULLETIN 2047

Proceedings of the First International Symposium on Volcanic Ash
and Aviation Safety held in Seattle, Washington, in July 1991

Symposium sponsored by

Air Line Pilots Association

Air Transport Association of America

Federal Aviation Administration

National Oceanic and Atmospheric Administration
U.S. Geological Survey

Symposium co-sponsored by

Aerospace Industries Association of America

American Institute of Aeronautics and Astronautics

Flight Safety Foundation

International Association of Volcanology and Chemistry of the Earth’s Interior
National Transportation Safety Board

UNITED STATES GOVERNMENT PRINTING OFFICE, WASHINGTON: 1994



U.S. DEPARTMENT OF THE INTERIOR
BRUCE BABBITT, Secretary

U.S. GEOLOGICAL SURVEY

Gordon P. Eaton, Director

For sale by U.S. Geological Survey, Map Distribution
Box 25286, MS 306, Federal Center
Denver, CO 80225

Any use of trade, product, or firm names in this publication is for descriptive purposes only and
does not imply endorsement by the U.S. Government

Library of Congress Cataloging-in-Publication Data

International Symposium on Volcanic Ash and Aviation Safety (Ist : 1991 Seattle,
Wash.)

Volcanic ash and aviation safety : proceedings of the First International Symposium
on Volcanic Ash and Aviation Safety / edited by Thomas J. Casadevall ; symposium
sponsored by Air Line Pilots Association ... [et al.], co-sponsored by Aerospace Indus-
tries Association of America ... [et al.].

p. e¢m.—(U.S. Geological Survey bulletin ; 2047)

“Proceedings of the First International Symposium on Volcanic Ash and Aviation
Safety held in Seattle, Washington, in July 1991.”

Includes bibliographical references.

Supt. of Docs. no.: 119.3:2047

1. Volcanic ash, tuff, etc—Congresses. 2. Aeronautics-—Safety measures—
Congresses. 1. Casadevall, Thomas J. II. Air Line Pilots Association. III. Title.
1V. Series.

QE75.B9 no. 2047

[QEA461]

557.3 s—dc20

[629.13°0289] 94-17789



FOREWORD

A Boeing 747 jumbo jet approaching the Anchorage International Airport, Alaska, on
December 15, 1989, lost power to all four engines and nearly crashed as a result of flying
through volcanic ash erupted from Redoubt Volcano. In separate incidents in 1982, two
commercial jumbo jets en route to Australia across Indonesia suffered loss of engine thrust
from ingesting volcanic ash from the erupting Galunggung Volcano, Java, and descended
more than 20,000 ft before the engines could be restarted. These are not the only incidents
of this kind. During the past 15 years, about 80 commercial jet aircraft have suffered dam-
age from inadvertently flying into ash clouds that had drifted tens to hundreds of miles
from erupting volcanoes.

The U.S. Geological Survey (USGS) has been involved in research on geologic haz-
ards, such as volcanic eruptions and earthquakes, since its earliest days. With the Disaster
Relief Act of 1974, the USGS was given formal responsibility “to provide technical assis-
tance to State and local governments to ensure that timely and effective disaster warning is
provided” for all geologic hazards. Addressing the threat of volcanic ash to aircraft safety,
however, requires far more than the monitoring of volcanoes and warning of erupting ash
clouds by the Survey. The ash must be traced and its likely trajectory must be forecast; air-
craft must be alerted, and proper evasive actions must be taken by pilots. Agencies such as
the National Weather Service and National Environmental Satellite Data and Information
Service (both part of the National Oceanic and Atmospheric Administration), the National
Aeronautics and Space Administration, and the Federal Aviation Administration are part-
ners critical to the success of this mission. The International Civil Aviation Organization,
various pilots’ associations, air carriers, aircraft manufacturers, and many others are
important as well.

The Redoubt encounter spurred government and university scientists, pilots, and repre-
sentatives of the aviation industry to work together to reduce the hazards caused interna-
tionally by volcanic ash. As a result of the concern generated by the Redoubt eruptions
and associated aircraft encounters, the First International Symposium on Volcanic Ash and
Aviation Safety was held in Seattle, Washington, July 8-12, 1991. This volume contains
the proceedings from that meeting.

Volcanologists and the subject of volcanic ash clouds are relatively new to discussions
of aviation hazards. As a result, the various parties concerned with the hazard have had to
set up new communication channels and to bridge substantial differences in organizational
culture and professional language. The Seattle symposium in 1991 alerted and educated
many about ash hazards to aviation. More importantly, it started a serious dialogue that
resulted in a series of follow-up workshops, improvements in the detection and tracking of
ash clouds, and revised warning and response procedures. These are the actions that will
be needed if the hazard of ash in airways is truly to be mitigated.

M?’w

Dallas L. Peck
U.S. Geological Survey
Director, 1981-1993
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INTRODUCTION

By Thomas J. Casadevall

Volcanic ash from the 1989-90 eruptions of Redoubt
Volcano disrupted aviation operations in south-central
Alaska and damaged five jet passenger aircraft, including a
new Boeing 747-400, which cost in excess of $80 million to
repair (Steenblik, 1990). The Redoubt eruptions served to
increase interest by the aviation community in volcanic haz-
ards and made it clear that mitigating the hazards of volcanic
ash to aviation safety would require the cooperation and
efforts of volcanologists, meteorologists, air traffic manag-
ers, engine and airframe manufacturers, and pilots.

Soon after the December 1989 eruptions of Redoubt,
Senator Ted Stevens of Alaska requested that Federal agen-
cies form an interdepartmental task force to develop and
coordinate both an immediate and a long-term response to
the Redoubt eruptions. In March 1990, in response to this
request, the U.S. Geological Survey, the Federal Aviation
Administration (FAA), and the National Oceanic and Atmo-
spheric Administration (NOAA) formed an interagency task
group and began planning for an international technical sym-
posium to review the available information about volcanic
ash clouds and to assess what was being done to address the
ash hazard, both domestically and internationally. This inter-
agency group received strong support from the aviation com-
munity, and the Federal agencies were soon joined by the Air
Line Pilots Association (ALPA), the Aerospace Industries
Association (AIA), the Air Transport Association (ATA),
the Flight Safety Foundation (FSF), and the American Insti-
tute of Aeronautics and Astronautics (AIAA). An important
early result from this cooperation was the “First International
Symposium on Volcanic Ash and Aviation Safety,” to
address the effects of volcanic activity on aviation safety in
a multidisciplinary way and at a global scale. The aims of the
symposium were: to bring together individuals who were
interested in the volcanic ash problem but who may have
been unaware of other scientists, engineers, pilots, and avia-
tion authorities with similar interests; to encourage and
define needed improvements in the detection, tracking, and
warning of volcanic ash hazard so that aircraft may avoid ash
clouds; and to review the effects of volcanic ash on aircraft
so that pilots who encounter ash can respond appropriately.
The symposium was held in Seattle, Wash., from July 8-12,
1991.

The symposium was attended by more than 200 partic-
ipants from 28 countries, representing the major air carriers,
airplane and engine manufacturers, pilots and aviation safety
organizations, air traffic managers, meteorologists, and vol-
canologists. More than 100 technical presentations were
made during the symposium, including a special session on
the effects on aviation operations of the June 15, 1991, erup-
tion of Mt. Pinatubo in the Philippines (Casadevall, 1991).
Field trips to the Federal Aviation Administration air traffic
control facility in Auburn, Wash., to the Boeing 737 assem-
bly plant in Renton, Wash., and to the Mount St. Helens
National Volcanic Monument gave participants the opportu-
nity to view the volcanic hazard-aviation problem from sev-
eral perspectives. Such broad participation demonstrated a
clear need and wide support for a meeting of this type.

In the past 15 years, more than 80 jet airplanes have
been damaged owing to unplanned encounters with drifting
clouds of volcanic ash in air routes and at airports. Seven of
these encounters caused in-flight loss of jet engine power,
which nearly resulted in the crash of the airplane. The repair
and replacement costs associated with airplane-ash cloud
encounters are high and, to date (May 1994), have exceeded
$200 million. In addition to the high economic costs of these
encounters, more than 1,500 passengers aboard the seven
airliners that temporarily lost engine power were put at
severe risk.

The hazard is compounded by the fact that volcanic ash
clouds are not detectable by the present generation of radar
instrumentation carried aboard aircraft and are not likely to
be detectable in the foreseeable future. Complete avoidance
of volcanic ash clouds is the only procedure that guarantees
flight safety, and this avoidance requires communication
between the pilot and observers outside the aircraft.

Since the Seattle meeting, eruptions at Pinatubo,
Sakurajima Volcano (Japan), Pacaya Volcano (Guatemala),
Galeras Volcano (Colombia), Hudson and Lascar Volcanoes
(Chile), Mt. Spurr (Alaska), Nyamuragira Volcano (Zaire),
Sheveluch Volcano (Russia), and Manam Volcano (Papua
New Guinea) have further disrupted air traffic, damaged air-
craft in flight, and delayed flights and curtailed operations at
a number of airports. The issue of volcanic hazards and avi-
ation safety continues to be timely and in need of more effort

1
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if we are to improve the margin of flight safety in the pres-
ence of volcanic ash.

ISSUES AND NEEDS

During the symposium, discussions focused on the fol-
lowing technical areas: the 1989-90 Redoubt eruptions and
their impacts on aviation operations, the nature of volcanoes
and their ash clouds, the effects of volcanic ash on aircraft,
methods and procedures of communicating the ash-cloud
hazard to pilots, the role of meteorology and the use of atmo-
spheric models to forecast cloud movement, and detection
and tracking of ash clouds. This volume contains reports for
60 of the 108 technical presentations made during the sym-
posium. The papers presented about the Redoubt eruptions
have been published elsewhere (Miller and Chouet, 1994).

In addition to the technical presentations, symposium
discussions identified a number of key issues and needs that
participants felt must be addressed in order to mitigate the
volcanic threat to aviation safety. These included:

1. Improved communications among volcano observers,
meteorologists, air traffic controllers, flight dispatch-
ers, and pilots about drifting ash clouds, including
immediate notification of volcanic eruptions to pilots.

2. Improved education of pilots, flight managers, and
manufacturers about the ash-cloud hazard, including
specific recommendations for avoiding ash clouds.

3. Improved detection and tracking of ash-cloud move-
ment using remote-sensing techniques and atmo-
spheric-transport models.

4. Improved monitoring of the Earth’s active volcanoes,
especially in the remote Aleutian-Kamchatka-Kurile
volcanic region.

5. New methods for eruption identification and ash-
cloud detection.

6. Development of instruments that will enable pilots to
detect ash clouds while in flight, especially useful
when flying over remote, unmonitored regions of the
Earth.

7. Development of better methods to remove and clean
ash from airplanes and airports.

8. Determination of minimum levels of ash concentra-
tion that are capable of damaging aircraft and engines.

9. Development of a worldwide notification system and
clearinghouse for information about active volcanoes,
including planning charts to show the location of vol-
canoes relative to air routes.

DEVELOPMENTS SINCE THE
SYMPOSIUM

A number of ad hoc working groups were formed fol-
lowing the symposium to examine these topics and have pro-
duced significant progress on many of these technical issues.
Accomplishments include:

1. A training video for pilots entitled ‘“Volcanic Ash
Avoidance,” produced by the Boeing Company in
cooperation with the Air Line Pilots Association and
the U.S. Geological Survey (Boeing Company, 1992).

2. An international workshop on communications
among volcanologists, meteorologists, air traffic man-
agers, and pilots was held in Washington, D.C., in
September 1992.

3. An FAA review on aviation safety as affected by vol-
canic ash (FAA, 1993a).

4. A workshop on the dynamics and characteristics of
the ash clouds from the 1992 eruptions of Mt. Spurr
was held in Washington, D.C., in April 1993 (FAA,
1993b).

5. An international workshop on volcanic ash and air-
ports was held in Seattle, Wash. (Casadevall, 1993).

6. New communications links with Russians for wamn-
ings and information about Kamchatkan volcanoes,
which underlie the increasingly busy air routes of the
north Pacific region, were established in 1993 (Miller
and Kirianov, 1993).

7. An interagency plan for volcanic ash episodes in
Alaska was put into effect by the FAA, NWS, USGS,
Department of Defense, and the State of Alaska in
1993 (Alaska Interagency Operating Plan, 1993).

8. A global planning chart showing the position of active
volcanoes relative to air routes and air navigation aids
was published (Casadevall and Thompson, 1994).

INTERNATIONAL EFFORTS

Since 1982, the International Civil Aviation Organiza-
tion (ICAO) has worked to address the volcanic threat to avi-
ation safety worldwide (Fox, 1988, this volume). This threat
came to wide public attention in 1982 when two 747 passen-
ger jets encountered ash at night from separate eruptions of
Galunggung Volcano in Indonesia. In these incidents, volca-
nic ash extensively damaged exterior surfaces, instruments,
and engines, resulting in the loss of thrust and powerless
descents of nearly 25,000 feet before the pilots of both air-
craft restarted their engines and landed safely at Jakarta
(Smith, 1983). The Galunggung encounters occurred fortwo
main reasons, First, the pilots were unable to see the ash or
to otherwise detect it using on-board instruments, and sec-
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ond, no warnings about the activity of the volcano were con-
tained in the aeronautical information generally available to
pilots, such as notices of significant meteorological
events—SIGMET’s—or in notices to airmen—NOTAM’s.
These incidents led in 1982 to the formation of a volcanic ash
warning group under leadership of the ICAO.

Eruptions and aircraft encounters with ash clouds dur-
ing the past 15 years have prompted several other important
international efforts to mitigate the volcanic hazard to avia-
tion safety. Because volcanic ash clouds are carried by
upper-level winds and often cross national boundaries as
well as boundaries separating flight-information regions,
efficient and prompt communications between regions are
essential to avoiding encounters. The May 1985 encounter
between a jumbo jet and an ash cloud from an eruption of
Soputan Volcano in Indonesia prompted the Indonesian and
Australian governments to form a bilateral volcanological/
airspace liaison committee to improve communications
about volcanic eruptions in the Indonesian region (Johnson
and Casadevall, this volume). In North America, drifting ash
clouds from the 1989-90 eruptions of Redoubt Volcano, and
the 1992 eruptions of Mt. Spurr, sent ash clouds over Canada
and disrupted operations in Canadian airspace. These inci-
dents prompted establishment of closer bilateral communi-
cations between Canadian and U.S. agencies including
volcanologists, meteorologists, and air traffic controllers
(Hickson, this volume).

In 1988, ICAO member states adopted regulations to
provide alerts to pilots about eruptive activity worldwide.
These efforts included a special volcanic activity report form
(VAR), which requires that pilots make a number of critical
observations about the location, timing, and nature of an ash
cloud. This information is communicated directly to the
nearest area control center and is introduced into the commu-
nication network so that other aircraft may avoid airspace
contaminated by volcanic ash (Fox, 1988, this volume).

Also in 1988, the World Organization of Volcano
Observatories (WOVO), in cooperation with ICAO and with
the International Association of Volcanology and Chemistry
of the Earth’s Interior (IAVCEI), requested WOVO member
institutions to establish contacts with civil aviation authori-
ties to improve communications between ground-based
observatories and air traffic in order to minimize the volca-
nic hazards to aircraft. Currently, WOVO is examining ways
to improve the exchange of information between observato-
ries and agencies concerned with aviation operations, includ-
ing the use of electronic mail (Riehle and Fink, 1993).

Following the 1991 Seattle symposium, ICAO
addressed the volcanic threat to aviation safety at regional
meetings in Bangkok (September 1992) and Mexico City
(October 1992). In November 1992, changes to the interna-
tional standards and recommended practices for meteorolog-
ical services (ICAO, 1992) went into effect. The changes

relate to the types of information about volcanic clouds that
are entered into acronautical communications networks
using the SIGMET mechanism. The new regulations require
that a volcanic advisory forecast be issued every 4 hours
regarding the status of a volcanic cloud, with a 12-hour fore-
cast of ash-cloud behavior.

Information for these advisories could come from many
sources, but would most likely come from analysis of satel-
lite images and from analysis of ash-cloud movement using
atmospheric-transport models (Stunder and Heffter, this vol-
ume; Tanaka, this volume). For example, an important
source of information for these volcanic advisories for the
Southwest Asia region is the Darwin Regional/Specialized
Meteorological Centre, established in 1993 by the Australian
Bureau of Meteorology. The Darwin center utilizes satellite
imagery to provide outlook advisory information about the
occurrence and movement of ash clouds from eruptions in
the Indonesian region. The center also serves as a venue for
training meteorologists from the Asian region about detec-
tion and tracking of volcanic ash clouds so other countries in
the region might carry out similar analysis at the local level.

To further assist ICAO member states in meeting the
requirements for more detailed advisories, ICAO established
a special implementation project to member states with
active volcanoes as well as to those states responsible for
flight information in regions adjacent to areas with active
volcanoes. Through this project, an ICAO team consisting of
a-volcanologist and an aeronautical meteorologist visited
countries in the Asia-Pacific region in 1992-93 (Casadevall
and Oliveira, 1993) and the South American region in
1993-94 to advise on methods for meeting the new ICAO
regulations. The new regulations should result in more rapid
and clearer communications about volcanic ash clouds to the
aviation community.

In addition to these bilateral efforts to improve the
speed and quality of information, several countries have
addressed specific volcanic threats to aviation operations by
applying existing technology and by seeking to develop new
methods and equipment for ash detection. For example, in
1991, scientists and aviation authorities in Japan installed
specialized seismic and infrasonic detectors at Sakurajima
Volcano to detect ash-producing eruptions. Results from
these sensors are continuously transmitted to nearby
Kagoshima Airport to provide real-time notification of
explosive eruptions that threaten airport operations (Kamo
and others, this volume; Onodera and Kamo, this volume). In
another example, scientists in Australia are seeking ways to
supplement information that is available to the pilot by
developing an ash-detection sensor that can be carried
onboard the aircraft to detect the presence of ash in the flight
path (Barton and Prata, this volume; Prata and Barton, this
volume). Such a sensor would be especially valuable for
international flights over regions where volcanoes are poorly
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monitored and where ground-based communications are
poorly established.

EFFORTS IN THE UNITED STATES

The United States has approximately 56 volcanoes with
historical eruptive activity; 44 are located in Alaska. The
U.S. Geological Survey (USGS) is the principal Federal
agency with responsibility for assessing volcanic hazards
and monitoring active volcanoes in the United States
(Wright and Pierson, 1992). This work is carried out prima-
rily from volcano observatories in Hawaii, Alaska, Califor-
nia, and Washington. For example, the Alaska Volcano
Observatory monitors the activity of volcanoes in the Cook
Inlet area, including Redoubt and Spurr. Continuous seismic
and other monitoring of these volcanoes, day and night, in all
seasons and weather conditions, enables volcanologists to
detect eruption precursors as well as eruptions themselves.
Early detection of eruptions and prompt communication of
this information to the FAA and to the National Weather Ser-
vice offices in Anchorage are an essential part of the role
played by USGS scientists in mitigating the ash hazard to
aircraft.

The National Oceanic and Atmospheric Administration
(NOAA) and the Federal Aviation Administration (FAA)
also have responsibilities for dealing with the hazard of vol-
canic ash clouds that affect aviation operations in the United
States. Cooperation between these two agencies was formal-
ized shortly before the December 1989 eruption of Redoubt,
when a memorandum of understanding between the agencies
created a volcanic hazard alert team and established proce-
dures to respond to volcanic eruptions affecting air opera-
tions in the United States. Since 1989, these procedures have
been activated for eight volcanoes in the United States (J.
Lynch, NOAA-SAB, written commun., March 1993). In
1993, a letter of agreement between the USGS and NOAA
attempted to speed the exchange of information that notifies
the aviation community of ash-cloud hazards and formalized
the de facto collaboration between these agencies that has
existed since the Redoubt eruptions.

The principal tools used by NOAA for assessing volca-
nic activity are analysis of data from satellites (Krueger and
others, this volume; Matson and others, this volume) and
wind-field data, which enables the forecast of drifting ash
clouds (Murray and others, this volume; Stunder and Heffter,
this volume). Since 1990, the National Weather Service
office in Anchorage has implemented several new tech-
niques for detecting and tracking volcanic ash clouds from
volcanoes in the Cook Inlet and Aleutian regions (Hufford,
this volume). These efforts are integrated with the monitor-
ing efforts of the Alaska Volcano Observatory and with the
air-traffic-control efforts of the FAA. The FAA, through its

area control centers, has the primary responsibility for com-
municating with pilots and for providing NOTAM’s.

Following the 1989-90 eruptions of Redoubt, the 1992
eruptions of Mt. Spurr also had an important impact on avi-
ation, affecting operations in Alaska, Canada, and the con-
terminous United States (Alaska Volcano Observatory,
1993). Ashfall from the August 18, 1992, eruption of Mt.
Spurr deposited from 1 to 3 mm of ash in Anchorage and
caused Anchorage airports to curtail operations for several
days (Casadevall, 1993). The cost of airport cleanup alone in
Anchorage from the August 18 ashfall was more than
$650,000. The ash cloud from the September 17 eruption
disrupted air traffic routing around the volcano—2 days later
it disrupted air routes over western Canada and in the con-
gested air corridors of the northeastern United States. Fortu-
nately, there were no encounters between aircraft and the
drifting Spurr ash clouds. The lack of damaging encounters
following the Spurr eruptions reflects increased awareness
about the hazards of ash clouds and improvements made
since 1990 in the warning, detection, and tracking of volca-
nic clouds. These improvements are largely a direct result of
the previously mentioned initiatives by Federal and interna-
tional agencies to reduce the hazards from volcanic ash.

From an operational perspective, experience in the Aus-
tralia-Indonesia region and in Alaska has indicated that the
threat of volcanic ash can be effectively addressed at the
regional or local level. For example, the 1989-90 Redoubt
eruptions and the 1992 Spurr eruptions prompted Federal
and State agencies in Alaska to establish a regional plan for
aviation-related volcanic hazards (Alaska Interagency Oper-
ating Plan, 1993). The plan outlines the responsibilities of
the agencies involved in eruption responses to meet the pub-
lic’s need for information to protect against volcanic ash
hazards. The Redoubt and Spurr eruptions also prompted
U.S. and Canadian agencies to refine bilateral operational
plans for communicating about volcanic hazards (Hickson,
this volume).

In addition to the efforts by international and Federal
agencies, the major airplane and jet engine manufacturers
have also studied the damage to aircraft from ash encounters
in efforts to develop mitigation strategies, including practical
steps for pilots to minimize damage should an ash cloud be
entered accidentally. The manufacturer’s principal trade
association, the Aerospace Industries Association (AIA),
formed a volcanic ash study committee in 1991 to evaluate
the volcanic threat to aviation safety (AIA Propulsion Com-
mittee, this volume). The findings of this committee are
reflected in a number of the reports presented in Seattle
(Campbell, this volume; Dunn and Wade, this volume;
Przedpelski and Casadevall, this volume).

The Air Line Pilots Association (ALPA), the Air Trans-
port Association (ATA), and the Flight Safety Foundation
(FSF), as well as the American Institute of Aeronautics and
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Astronautics (AIAA) and the Aerospace Industries Associa-
tion (AIA) have all taken active roles to communicate about
the ash problem with their members and constituents, both
nationally and internationally. ALPA and ATA were spon-
sors of the Seattle Symposium, along with the FAA, NOAA,
and the USGS. AIA, AIAA, FSF, IAVCE]I, and the National
Transportation Safety Board were co-sponsors of the
symposium.

FUTURE DIRECTIONS

As we gain understanding about the nature of ash
clouds and the hazard of volcanic ash to aviation operations,
we constantly improve our abilities to deal with the threat
(Casadevall, 1992). Multidisciplinary cooperation and com-
munications were major factors in the success of the Seattle
meeting. This cooperation created an excitement among the
participants that has been kept alive at later workshops and
in cooperative efforts such as the production of the Boeing
training video (Boeing Company, 1992). Even though the
ash—aviation safety problem is global in scope, the solutions
that have worked best have often been on a local or regional
scale. The optimal solutions require understanding the loca-
tion and character of the nearby active volcanoes, the struc-
ture of the air routes that cross or pass by these volcanoes,
and an understanding and use of all available resources to
detect, track, and forecast the movement of ash clouds. At
the same time, as new pilots are introduced to new routes,
efforts to educate pilots must continue.

The Seattle symposium and the efforts following the
symposium indicate that we have much to do to satisfactorily
address concerns about the threat of volcanic ash to aviation
safety. This requires application of existing technologies,
such as methods that enable scientists to detect eruptions
from remote, unmonitored volcanoes; early detection of ash
clouds; tracking of ash clouds in real time; and development
of better and faster ways to get information into the cockpit.
Also, despite the recent advances in testing jet engines for
their tolerances to volcanic ash (Dunn and Wade, this vol-
ume) and advances in using remote-sensing technologies to
detect and track ash clouds (Schneider and Rose, this vol-
ume; Wen and Rose, 1994), it is essential that ash clouds be
sampled directly as they drift from their source volcanoes
(Riehle and others, 1994). Only direct sampling will allow us
to obtain information with which to corroborate and validate
laboratory tests and computational models. The results of the
Seattle symposium should be viewed as a start of efforts to
address the threat that ash clouds present to aviation safety.
Volcanoes will certainly continue to erupt, and air traffic and
aircraft sophistication will continue to grow. To successfully
coexist with the threat of volcanic ash, we must continue to
address the volcanic hazard in a responsible fashion. Open

communications about these efforts are essential to success-
fully dealing with the volcanic hazard to aviation safety.
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INTRODUCTORY REMARKS FOR THE
FIRST INTERNATIONAL SYMPOSIUM ON
VOLCANIC ASH AND AVIATION SAFETY,

SEATTLE, WASHINGTON, JULY 1991

By Donald D. Engen, Former Administrator, Federal Aviation Admnistration

PERSPECTIVES ON THE HAZARDS OF
VOLCANIC ASH

I feel as if [ have lived close to volcanoes. I was Com-
manding Officer of the U.S.S. Mt. Katmai—a U.S. Navy
ammunitions ship—and lived on top of 28,000 tons of high
explosives. The U.S. Navy has historically named ammo
ships after volcanoes for some perverse reason. I was deter-
mined not to be the first Captain to go up with his ship!
Twenty years ago, and even 10 years ago, no one that [ knew
would have even thought about organizing a symposium on
volcanic ash as an air-safety issue. To those of us in aviation,
volcanoes were those spectacular peaks that were reassuring
landmarks en route to wherever we were going. To volcanol-
ogists, airplanes were a way to get a good view of volcanoes
and a step toward getting information to provide warning to
the communities near active volcanoes. I am not sure what
meteorologists thought—perhaps that volcanic eruptions
made for some pretty interesting clouds from time to time.
Volcanic ash was not high on aviation’s list of concemns, and
airplanes were far from volcanologists’ thoughts. To be sure,
there were a few visionaries, but very few.

Then we started flying civil aircraft higher and in areas
of the world where we had not flown so regularly before.
Many international pilots encountered local situations in
which they had little experience. Meteorologically, we found
Meltemes, Mistrals, Siroccos, Willi Waws, and jet streams.
Volcanoes attracted sightseers, and pilots flying near erup-
tions found volcanic ash to be injurious to the long life of air-
craft engines and airframes. Then we found that volcanic ash
clouds extended far from their source. At night or in instru-
ment flight conditions (IFC), the ash cloud could not be seen,
and we had damage incidents.

The International Civil Aviation Organization (ICAO)
saw the need to address this hazard, and international net-
works such as the World Organization of Volcano Observa-
tories (WOVO) were used as resources. Aviation shorthand
messages to pilots, such as notices of significant meteorolog-
ical events (SIGMET’s) and notices to airmen (NOTAM’s),
were used to give wide dissemination to pilot reports
(PIREP’s) concerning ash clouds. The World Meteorologi-
cal Organization (WMO) began using satellites for tracking
ash clouds and for forecasting. The International Airways
Volcano Watch was established.

We have had a number of volcanic ash encounters in the
past 10 years, and we have almost lost some civil air carrier
airplanes. More recently, we have had two major American
military airfields shut down in the Philippines. Some say that
there is a growing need for an on-the-scene knowledgeable
pilot or dispatcher to provide operational information when
airports are near or within a fallout area.

Today, everyone who has come to this meeting under-
stands that we need to think about ash as an air-safety issue.
To be sure, ash clouds are not an everyday issue, and they do
not provide frequent hazard. But, if encountered, volcanic
ash can spoil your entire day. Since Mount St. Helens awak-
ened us in 1980, we have had 20 known encounters and three
near accidents of wide-bodied jet airplanes worldwide. I will
bet that Captain Moody will tell us at lunch today that his
thoughts about Indonesian volcanoes changed dramatically
one night in 1982. We will hear about other volcanoes as
well—in Indonesia, Mexico, Japan, the former USSR, and
elsewhere. These volcanoes have briefly but dangerously
filled our airways with ash.

With great credit to ICAO and others, as I have said,
important steps have been taken. Pilot operating handbooks
have new pages, and volcanologists talk with aviation
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meteorologists and air traffic control centers (ATC). But, as
we saw last month near Pinatubo, the risk is not decreasing.
In fact, the risk seems to be growing with the increasing
numbers of long-distance night flights over remote volcanic
areas. Encounters invariably cause damage and can easily be
catastrophic.

Some important information is already known, but this
information is not widely disseminated. Over the course of
the next 3 days, we are going to hear from the world’s
experts about what is known about this problem. We will
hear from the people who take the pulse of volcanoes, from
those who have developed new methods for tracking ash
from space, from those who have flown into and around ash
clouds, and from those who have dealt with the damage. We
will learn about the state-of-the-art warnings of impending
or actual eruptions from monitored volcanoes (a relatively
small subset of all volcanoes), about satellite detection of ash
plumes, about subsequent movement of the resulting clouds
of ash, about the most common effects of ash on airframes,
instruments, and engines of airplanes, and about what pilots
should do in case of an accidental encounter.

There are also many unknowns and gaps in worldwide
coverage. These shortcomings will also be covered over the
next 3 days. As a pilot, let me raise some questions. Suppose
the volcanologists tell us that Redoubt or Pinatubo have just
erupted an ash cloud. Can they tell us how high the cloud will
rise? Can they tell us if it has a lot of ash or just a lot of
steam? The meteorologists can tell us about winds at differ-
ent altitudes. But can they tell us what altitudes actually have
ash and in which direction the ash is moving? And can they
revise their notices frequently as wind patterns change, as
new images or data are received, and as ash progressively
falls from the cloud? How will we know where the cloud is
at night or if we are in instrument flight conditions? The
ATC might be able to warn us that there is a hazard ahead,
but can they tell us how serious it is, or how long it will
remain a hazard? And can they be sure that alternative routes
do not also have ash? Once ash is encountered, should we
climb, descend, or reverse course? Will the ash cloud show
on my radar with greater definition than moisture?

If you came to hear well-tested solutions, you are 5
years too early. If you came to be part of the solutions, you
are in the right place at the right time. We are all pioneers on
this subject. This is the first time that all of the world’s
experts have come to put their heads together, and it is the
first time that so many of you who need this information
have come to hear it. But, unlike some subjects, where the
world really is divided into experts, beginning students, and
advanced students, we need to teach each other. And to do
that, we need plenty of lively discussion. Your questions are
important, because nobody in this room has thought about
the problem from every angle.

We have structured the meeting to encourage discus-
sion and to make sure that we do not just talk with our own
colleagues. No question will go unanswered—if we cannot
handle it at the time, we will come back to it. No idea will go
unrecorded—we are providing you with deposit slips for an
idea bank where you can reinforce the ideas you offer in dis-
cussion. We will have poster sessions for person-to-person
discussions. And, as some of you have already found, sym-
posiums are a great place to meet the people that we will
need to be talking with in the years to come.

Volcanologists seem always to talk to volcanologists,
pilots to pilots, and meteorologists to meteorologists. To
have communication, you must have listeners as well as talk-
ers. There is a great need for practical communications
across the disciplines represented here. There is a driving
need to prevent a major aviation accident, which has not yet
happened. There is a driving need for better understanding of
volcanoes on the part of all of us. That is why we are here.

We are delighted to see such a diverse group. To partic-
ipants from outside the United States, “Welcome!” Your
participation adds meaning and knowledge to this sympo-
sium. I hope, through your participation, that other nations
will join the search for knowledge. To participants from dis-
ciplines that barely knew of each other’s existence, say hello
to each other because the solution to your problem concemn-
ing volcanic ash may lie in your new friend’s area of
expertise.
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ABSTRACT

The active volcanoes in Costa Rica are located in Gua-
nacaste Volcanic and Central Volcanic Ranges. Poas and
Irazu Volcanoes have had several strombolian eruptions in
historical times that produced large quantities of ash. Fine
ash moved to the west and southwest of the volcanoes, reach-
ing different distances and altitudes due to predominant
trade-wind directions. Therefore, precautions should be
taken for air traffic during future eruptions.

Costa Rica’s Juan Santamaria International Airport in
San Jose is located 23 km south of Poas Volcano and 42 km
west of Irazu Volcano. Commercial airline routes are over or
very close to the volcanoes. For example, Poas Volcano
(8,884 ft high) is in the route of commercial airlines to
Miami, which fly at a minimum altitude of 12,000 ft. Irazu
Volcano (11,457 ft high) is in the airline route to Panama,
with a minimum flying altitude of 14,000 ft.

The cooperation between pilot, air traffic controller,
and volcanologists is very important. From the air, it is pos-
sible to see anomalous activity in volcanoes. For example, in
1962 a pilot called a newspaper to report the first columns of
vapor issued by Irazu Volcano during the 1963—65 active
period. In 1989, Poas Volcano had very strong gas emis-
sions. At times, private and commercial airline pilots
reported to air traffic controllers strong odors and the height
of gas columns.

It is imperative to take into account possible ash and gas
eruptions when planning air traffic and future airport sites.

INTRODUCTION

The active volcanoes in Costa Rica are located in the
Guanacaste and Central Volcanic Ranges. In recent times,
Rincon de la Vieja, Arenal, Poas, Barba, Irazu, and Turrialba
Volcanoes have had explosive ash-producing eruptions. Ash
clouds have been carried to the west and southwest of the vol-
canoes because these are the directions of the prevailing
winds.

The Juan Santamaria International Airport, located 20
km from the capital of San Jose and served by both national
and international commercial airlines, is located in the cen-
tral part of Costa Rica, to the south and west of the active

volcanoes Poas and Irazu (fig. 1). As a result of the location
of the airport, the air traffic routes pass over or near volca-
noes that have very high eruption potential. This circum-
stance makes it mandatory to take precautions with air traffic
during eruptions.

DATA AND RESULTS

Poas Volcano, located 23 km, (14.4 mi) to the north of
Juan Santamaria International Airport, rises to 2,708 m
(8,884 ft). It has been active since 1828, and its last major
active period took place between 1953 and 1955 (table 1).
Ash clouds produced during this eruption were carried
mainly to the west, to the southwest, and sporadically to the
south.

Since 1987, Poas has ejected a gas column that some-
times reaches 2,000 m above the crater level, and its strong
sulfurous odor has been reported by pilots. The minimum
altitude for the airway over this volcano is 3,158 m (12,000
ft). This is the primary commercial airway to Miami, and it
is used daily by planes that carry hundreds of passengers.

Irazu Volcano is located 42 km to the east of the Juan
Santamaria International Airport and has an altitude of 3,443
m (11,457 ft). The commercial airway connecting Santama-
ria, Limon, and Panama (at a minimum altitude of 4,320 m
or 14,000 ft) passes directly over Irazu Volcano; thus, there
is a great deal of air traffic over this volcano daily.

In historical time, Irazu has been very active, with
recorded eruptions since 1723. The last period of activity
took place between the years of 1963 and 1965. Constant ash
eruptions reaching heights of approximately 6,200 m
(20,000 ft) were reported, and ashes were carried to the west
and southwest by the prevailing winds. Deposition of this
pyroclastic debris affected all of the Central Valley, in which
the international airport is located. Official information con-
cerning emergencies suffered by airplanes during this time
does not exist, but there are accounts of problems during that
period. The most outstanding report tells about a Pan Am
DC-6 plane that flew through an ash cloud from Irazu and
was forced to land in Panama in 1963. This plane had prob-
lems with its windows and engines. Ash was an effective
abrasive. One precaution taken by domestic airlines and pri-
vate airplane owners was to make check-ups of airplanes

9
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more often than required. Overhauls were done more often
than during normal conditions, and, in some cases, engines
were replaced.

Arenal Volcano, located 73 km (45 mi) to the northwest
of Juan Santamaria Airport, has an altitude of 1,630 m (5,380
ft). Planes flying to Managua, Nicaragua, follow an air route
close to this volcano at a minimum altitude of 3,400 m
(11,000 ft). Several airplanes carrying passengers fly this
route each day. Arenal is an active volcano, and, since 1968
(23 years of activity at present), ash columns over altitudes
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Table 1. Year(s) of eruption and eruption type for some major

volcanoes in Costa Rica.
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Table 1. Year(s) of eruption and eruption type for some major

volcanoes in Costa Rica—Continued.
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Year(s) of eruption Eruption type Year(s) of eruption Eruption type
Rincon de la Vieja Volcano Irazu Volcano
1860.....cceurerene. Normal explosions. 1723 . Normal explosions.
1863....cccvennn. Normal explosions. 1726 Normal explosions.
1966.......ccoune. Phreatic explosions. 1821 . Normal explosions.
1969......cvcevine. Phreatic explosions. 1822 Normal explosions.
1970 Phreatic explosions. 1826...cccee Normal explosions.
1983 ..., Phreatic explosions. 1842, Normal explosions.
1987 ..o, Phreatic explosions. 1844 Normal explosions.
1991 .., Phreatic explosions. 1847 oo Normal explosions.
Arenal Volcano 1870 Normal explosions.
1525 il Normal explosions. 1882 Normal explosions.
1968-present...... Nuées ardentes, pyroclastic flows, 1917-1921 ......... Phreatic explosions.
phreatic exp]osions’ lava flows. 1924..........c.... Normal eXplOSiOIlS.
Poas Volcano 1928 Normal explosions.
1834 .. Normal explosions. 1930..cccrcrerrcns Normal explos@ons.
1838 Normal explosions. 1933 .. Normal explos%ons.
1880.....ccveenee. Phreatic explosions. L Norma.l exp10519ns.
1907 ..o Phreatic explosions. 1963-1965 ......... Phreatic explosions.
1910 Phreatic explosions. Turrialba Volcano
1914, Phreatic explosions. 1750, Normal explosions.
1946.....oovenn. Phreatic explosions. 1864.......ccoceee. Normal explosions.
1952 i, Phreatic explosions. 1866.....cveerevraene Normal explosions.
1953-55 ... Magmatic eruptions.
1961..........c....... Phreatic explosions.
1963 ..o Phreatic explosions.
1964......coovienn. Phreatic explosions.
1972 Phreatic explosions.
1974 Phreatic explosions.
1976 Phreat;c explos?ons. Table 2. Volcano-monitoring methodologies in use in Costa
1977 Phreatic explosions. Rica.
1978 .. Phreatic explosions.
1979 .o, Phreatic explosions.
1987 .o, Gas eruptions. Rincon de Ia Vieja Volcano
1988 .o Gas eruptions. Thermometry of crater lake; dry inclinometry, seismology.
1989 ..o Gas eruptions. Arenal Volcano
1990.......ccoce.. Gas eruptions. Radon emanometry, river and thermal-spring water analysis;
1991 Gas eruptions. gas traps; acid rain; ash collectors; dry inclinometry, horizontal
1992 Gas eruptions. distances network; vertical leveling lines; seismology.

Poas Volcano
Thermometry of fumaroles and hot-water lakes; analysis of gas
condensates; river and thermal-spring water analysis; gas traps;
acid rain, radon emanometry, dry inclinometry, horizontal
distances network; vertical leveling lines; seismology.

Irazu Volcano
Thermometry of hot-water lakes; analysis of gas condensates;
analysis of water samples from crater lake, rivers, and thermal
springs; radon emanometry, dry inclinometry; geodetic network;
vertical leveling lines; seismology.

Turrialba Volcano

Thermometry of fumaroles; analysis of gas condensates; gas
traps; radon emanometry; dry inclinometry; seismology.

CONCLUSIONS

Several airways cross over or near Costa Rica’s active
volcanoes, and, therefore, air traffic is vulnerable in the event
of ash eruptions. The prevailing wind direction in central
Costa Rica and the location of Juan Santamaria International
Airport with respect to the active volcanoes makes this air-
port vulnerable to ash deposition during volcanic eruptions.
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RECOMMENDATIONS

Plan, in advance, contingency or alternate airways to
prevent planes from crossing over or near volcanoes
that may be erupting.

Complete the construction of Tomas Guardia Airport
as an alternate international landing site in case Juan
Santamaria airport is closed.

Personnel of Observatorio Vulcanologico y Sismolog-
ico de Costa Rica (OVSICORI) should always be in

close contact with the Office of Civil Aeronautics and
should provide information on the state of activity of
the volcanoes, especially when anomalous activity is
present. Pilots, through the air traffic controllers,
should inform OVSICORI of unusual volcanic activ-
ity as seen from the air.

An ad hoc group should be integrated with staff
from the Office of Civil Aeronautics, pilots, and
OVSICORI to draft a plan of action in case of vol-
canic eruptions.
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A METHOD FOR CHARACTERIZING VOLCANIC ASH
FROM THE DECEMBER 15, 1989, ERUPTION OF
REDOUBT VOLCANO, ALASKA

By Gregory K. Bayhurst, Kenneth H. Wohletz, and Allen S. Mason

ABSTRACT

The development of an automated program for charac-
terization of particles using a scanning electron microscope
(SEM) with an energy dispersive X-ray detector (EDS) has
greatly reduced the time required for analysis of particulate
samples. The SEM system provides a digital representation
of all particles scanned such that further measurement of the
size, shape, and area are a product of image processing. The
EDS and associated software provides information as to the
particles’ chemical composition. Data obtained from the
SEM by this method are reduced by computer to obtain dis-
tribution graphs for size, density, shape, and mineralogy.
These SEM results have been tested by comparisons with
results obtained by traditional optical microscopy—the
results obtained by optical microscopy support the SEM
results and provide details concerning crystallinity and glass
content.

This method was applied to the ash that damaged the
engines from the Boeing 747-400 flight of December 15,
1989 (Brantley, 1990), which flew into the ash cloud from
Redoubt Volcano. The sample was collected from the pitot-
static system and had not been exposed to any engine parts
that might have changed its characteristics. The sample anal-
ysis presented here demonstrates the capabilities and infor-
mation obtainable from our automated SEM technique.

INTRODUCTION

Studies of volcanic ash particles can be used to under-
stand problems associated with volcanic ash clouds such as
aircraft engine damage, visibility, atmospheric dispersion,
and deposition of ash (Heiken, this volume). By using sev-
eral analytical techniques, particles can be characterized in
terms of size, shape, mass, mineralogy, and chemical com-
position. These characteristics provide detailed information
necessary to understand the nature of volcanic ash clouds.

METHODS OF STUDY
SAMPLE PREPARATION

Loose samples, such as the ash collected from the pitot-
static system, can easily be prepared by traditional thin-sec-
tion techniques. This involves mixing the ash with epoxy on
a microscope slide and then polishing flat to a desired thick-
ness. Both the SEM technique and optical microscopy tech-
niques can use the same slide.

If the sample has been collected on filters, it is neces-
sary to remove the particles from the filter medium. For ash
collected on cotton or paper filters, the filters can be ashed in
a low-temperature radio-frequency oven. The ashing
destroys the filter material and leaves the particles unaltered.
The particles then can be mixed with epoxy and made into a
thin section.

SEM PARTICLE-ANALYSIS PROGRAM

The SEM uses a software program originally developed
by L.J. Lee Group, Inc. for identification of airborne asbes-
tos particles. It was modified to analyze volcanic ash parti-
cles. For each particle, the size, diameter, area, elemental
composition and density are recorded. The location of each
particle is also noted for easy return to a particular particle if
detailed examination is needed.

TREATMENT OF DATA

The data is first transferred from the SEM into a spread-
sheet from which various operations are performed. These
operations characterize the particles as to their mineralogy,
morphology, densities, and abundances. The spreadsheet
and operations are done with BBN Software Products Cor-
poration’s RS-1 software program (G. Luedemann and G.
Bayhurst, unpub. data, 1989).

13
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Table 1. Mineral definitions used in this report.

[Numbers in definitions column indicate weight percent]

Mineral Definitions

Quartz ......ccocvivrineneenae Si>90

Calcite......cocvevrnrirecnee Ca290

Magnetite.........c..c.coeeeee. Fe+Ti>90

Gypsum/anhydrite............ Ca+S2>90;Ca>41;S>29

Mica/clay......cccoovverennenne. Ca+K + Al + Si > 80; Fe > 4,
K>4;23<8i<80

Feldspar ...........cccooeeenn. Ca+Na+K+ Al+Si>80;
Fe<4; Al+Si>59;,30<S1<80

Amphibole....................... Fe+ Mg+ K+ Ca+ Al + Si < 80;
Fe>5,K>3;28>Si>80

Using the chemical analysis for each particle, the min-
eralogy is determined based on seven minerals or mineral
classes. If the particle does not meet the criteria of the min-
eral definitions (table 1), it is labeled as “other.” Because the
SEM gives only chemical composition and not crystal struc-
ture, the glass content of the ash is not available by this
method. The particles are then plotted according to the fre-
quency of their mineral content,

The mean diameter, which is based on 16 measure-
ments, is used to establish size frequencies. These size fre-
quencies are calculated for both mineral type and overall
bulk particles. The longest diameter measurement and the
shortest measurement are ratioed without regard to mineral-
ogy to provide an aspect ratio that gives an indication of
shape. Digital image representation also allows computation
of a shape factor given as the particle perimeter squared
divided by the product of its area and 4 pi.

By using the results from the chemical analysis, we can
determine the mass of each particle by combining densities
and diameters. The densities are based on values for oxides
for each element in the particle such as SiO,, Na,O, and
Ca0. The masses are used in several ways. The mass for
each particle can be plotted on a log cumulative mass versus
log diameter to give mass accumulation curves. The mass
distribution can also be expressed as a percent total versus
phi (phi = —log, X (diameter in mm)) and analyzed using the
sequential fragmentation/transport (SFT) model of Wohletz
and others (1989).

The final function of the software is to determine vari-
ous statistical values for each sample. Our statistics sum-
mary contains the mean, standard deviation, minimum, and
maximum for several parameters and automatically prints
out a summary sheet.

To verify our programs, we prepared chemical-compo-
sition standards by grinding well-characterized mineral stan-
dards to a fine powder. The powders were then prepared in
the exact same manner as the ash particles. To verify our
sizing-routine software, we used National Institute of Stan-
dards and Technology (NIST) standards for particle size.
The software program that identifies minerals from chemical

analysis was also tested by using these composition stan-
dards, achieving 95 percent or better correct identification.

PETROGRAPHIC METHODS

Several hundred particles were examined and counted
by standard petrographic methods on an optical microscope.
This method allows us to determine not only the mineralogy
of the particle but also if the particle is noncrystalline or
glass. The importance of this is that the glass component of
the volcanic cloud has a big influence on melting tempera-
tures (Swanson and Beget, this volume).

RESULTS AND DISCUSSION

The mineralogy of the ash particles determined by
chemical composition was about 70 percent feldspar. The
other components were quartz, magnetite, mica or clay, cal-
cite, and amphiboles (fig. 1). An occasional particle of gyp-
sum or anhydrite was also observed. By using fairly large
ranges for defining the minerals or mineral groups, only
about 10 percent of the ash was unidentified. The majority of
unidentified particles appear to be mixtures of mineral
phases that were probably welded on glass fragments. This
result suggests that about 10 percent of the sample is com-
posed of lithic fragments.

The optical analysis gives another perspective of the
mineralogy in that the glass component can be readily iden-
tified. The results from the optical analysis showed that the
particles are mostly plagioclase feldspar (46.7 percent), with
many of them being fractured. The glass component was sec-
ond most abundant at 28.6 percent. The following were
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Figure 1. Mineralogy of ash particles from the December 15,

1989, eruption of Redoubt Volcano as determined by scanning
electron microscopy.
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Table 2. Bulk chemistry of glass from Redoubt volcanic ash
from December 15, 1989, eruption.

Species Weight percent
Si05. e 69.9
ALO; e 104
FeO..ooviioiiiiiiieieen, 5.0
MgO ..o 0.5
CaO .o 8.4
NazO..oooooeieeee, 43
KyO e, 0.1

minor components: pyroxene 2.8 percent, hornblendes 4.2
percent, opaque minerals 5.6 percent, altered rock 7.0 per-
cent, and magnetite 5.2 percent. The petrographic name of
this sample is a hornblende, two-pyroxene andesite.

If we assume that the glass component has nearly the
same chemical composition as the crystalline minerals, then
the results of the two methods are in good agreement. For
example, if approximately 30 percent of the chemically
defined feldspar particles are noncrystalline, then the per-
centage of crystalline feldspar would be approximately 49
percent.

With our method, we are able to obtain bulk-chemistry
compositions by simply averaging each chemical compo-
nent. For example, the average SiO, composition from our
Redoubt sample was 69.9 percent. Because of the high glass
content, the overall bulk chemistry (table 2) showed a higher
SiO; concentration than the magma erupted during this time
(Nye and others, 1990). This result is, however, consistent
with other studies of Redoubt volcanic ash (Swanson and
Beget, 1991).

Our sizing routine showed that, for this sample, the
majority of the particles were 20 pm or less (fig. 2). The
different mineral types can show slight differences in size
distribution from the overall distribution, but they still show
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Figure 2. Size distribution of all minerals contained in ash from
the December 15, 1989, eruption of Redoubt Volcano.

that most of the particles are smaller than 20 pm (fig. 3). The
information obtained from size distributions can provide
insight as to the factors controlling the type of damage done
to aircraft engines. For example, if the ash encountered had
a large percentage of coarse particles, then increased damage
from abrasion might be observed. If the ash is fine, it will
melt more rapidly and contribute to the material adhering to
turbine surfaces.

Aspect ratios can be used for several purposes. The
morphology of the particle can be described in this way.
Aspect ratios that are close to 1 indicate that the particle is
approximately equant in shape. For example, the aspect ratio
of the feldspar particles (and glass) showed that about in one-
third of them were equant (fig. 4). Also, the average shape
factor for the sample is 1.16, which characterizes nearly
equidimensional, polygonal cross sections.

The mass distribution curve gives other important
information about the nature of the volcanic ash. In our
Redoubt sample, even though the small particles were the
most numerous, they contributed only a small amount of the
mass (fig. 5). Another way of looking at mass distribution is
the phi plot (fig. 6). This plot shows that over 60 weight per-
cent of the sample occurs between 62 pm (4.0 phi) and 125
um (3.0 phi). The overall mean diameter is 78 pum.

SFT analysis shows that the size distribution is poly-
modal, which is likely a consequence of the various densities
and shapes in crystals, glass, and lithics that determine the
mass-to-size ratio. Furthermore, SFT analysis (fig. 7) shows
a mean diameter of 3.68 phi (0.078 mm) and a standard devi-
ation of 0.79 phi (+0.57 mm, —0.033 mm) and predicts this
distribution by three subpopulations: (1) crystals (mode =
0.210 mm), (2) lithic fragments (mode = 0.099 mm), and (3)
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Figure 3. Size distribution of feldspar minerals from the Decem-
ber 15, 1989, eruption of Redoubt Volcano.
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Figure 5. Mass distribution curve of ash particles found in ash
from the December 15, 1989, eruption of Redoubt Volcano.
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Figure 6. Phi size distribution plot of ash particles from the De-
cember 15, 1989, eruption of Redoubt Volcano. Phi = —logy x (di-
ameter in mm). Individual bars along x-axis are labeled with size in
phi units.

glass (mode = 0.041 mm). The dispersion values of these
subpopulations are analogous to standard deviations for log-
normal distributions. In addition, the dispersion values have
physical significance: with increasing dispersion, subpopu-
lation distributions are generally more peaked, which results
from more evolved particle fragmentation and size sorting.
The crystal subpopulation (1) has a dispersion value of 0.50,
which reflects the tight distribution in size determined by
growth kinetics. Positive dispersion values generally come
about from particle aggregation or nucleation, whereas neg-
ative values arise from fragmentation and attrition. In con-
trast, the glass subpopulation (3) has a dispersion value of
—0.51, which is a function of its fragmentation and transport
history (dispersion values of —0.6 or greater are typical of
fragmentation by water-magma interaction). The lithic sub-
population (2) has a dispersion value (0.15) that indicates
some aggregation after its fragmentation.

The statistical summary (table 3) gives overall averages
for many important parameters of the volcanic ash sample.
This summary can be used to study the differences between
different ashes or samples of the same ash.
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Subpopulation size characteristics analyzed by the
sequential fragmentation/transport (SFT) model of
Wohletz and others (1989).

{See Wohletz and others (1989) for additional explanation]

Subpopulation Mode Dispersion Fraction-
phi mm
Crystals 2.25 (0.210) 0.50 0.08
Lithic fragments  3.34 (0.099) 0.15 0.07
Glass 4.60 (0.041) -0.51 0.21
50—
= - "\\
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Figure 7. Subpopulation size characteristics of ash from the
December 15, 1989, eruption of Redoubt Volcano.

CONCLUSIONS

To understand the nature of volcanic ash clouds, we
must understand the nature of the particles that make up the
cloud. By combining SEM and optical petrographic tech-
niques with powerful software analysis and theories on par-
ticle transport, we obtain detailed information on the

Table 3. Statistical summary for Redoubt volcanic ash from
December 15, 1989, eruption.

Average Standard Maximum
deviation
Diameter (pm) 13.3 12.9 141.0
Aspect ratio 3.5 3.1
Area (um?) 284.0 889.8 11,989.0
Density (g/cm?) 242 0.79 6.6

characteristics of the particles in volcanic ash clouds. The
characteristics of the ash cloud will determine where it goes,
how long it will stay in the atmosphere, how much damage
it will cause to an aircraft, and its effects on the environment.

The volcanic ash ingested by the Boeing 747-400 that
encountered the Redoubt ash cloud on December 15, 1989,
has characteristics of material derived from eruption of
andesitic magma by rapid release of high-pressure gases,
perhaps by a hydrovolcanic mechanism. Optical microscope
inspection revealed glass, blocky shards of minerals, and
hydrothermally altered andesitic rock fragments. The chem-
ical analysis derived from SEM analysis confirms the
andesitic nature of the ash. Size analysis shows fragmenta-
tion characteristic of an evolved fragmentation process, such
as is expected for a water-magma interaction. The shape
analysis revealed dominantly low shape factors, characteris-
tic of hydrovolcanic ash. Knowing the chemical composition
and finding that a large fraction of particles have a glass
structure, the melting-temperature range can be estimated.
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THE CONCENTRATION OF ASH IN
VOLCANIC PLUMES, INFERRED FROM DISPERSAL DATA

By Marcus I. Bursik, R.S.J. Sparks, Steven N. Carey, and Jennie S. Gilbert

ABSTRACT

The mass concentration of pyroclasts of a particular
grain size decreases as an exponential function of time in
the body of the umbrella cloud that forms at the top of
explosive volcanic-eruption plumes. Data on deposit-thick-
ness variations and grain-size distributions of ash deposits
can be used to infer particle concentrations in volcanic
clouds using a simple physical model for sedimentation
from umbrella clouds. The concentrations of ash in plumes
that penetrate the operating heights of commercial aviation
greatly exceed the concentrations that cause engine damage
and failure (> 2,000 mg/m?) and dangerous concentrations
(> 50 mg/m3) can persist for hundreds of kilometers down-
wind of the vent. However, aggregation of volcanic ash in
the atmosphere can lead to much more rapid decreases in
concentration.

INTRODUCTION

Volcanic plumes spreading rapidly within the atmo-
sphere pose a serious risk to aviation. The umbrella cloud
formed at the top of a volcanic eruption column is an exam-
ple of an intrusive gravity current containing suspended par-
ticles spreading within a density-stratified, less turbulent
fluid (Allen, 1985; Sparks, 1986; Simpson, 1987; Self and
Walker, this volume; Sparks and others, this volume). Vol-
canic particles remain suspended in such currents as far as
hundreds of kilometers from the vent. We have developed a
theory describing sedimentation from such currents and have
successfully used it to evaluate the dispersal of particles
from currents of contrasting scales, geometries, and source
fluids (Sparks and others, 1991; Bursik and others, 1992a).
We review the theory and introduce a way to reconstruct ash
concentrations within a volcanic cloud from sedimentologi-
cal data on tephra-fall deposits. These results can be used to
infer ash concentrations that might be expected at various
distances during hypothetical modern eruptions. We con-
sider the sedimentation of individual particles from clouds

with radial symmetry and infer pyroclast concentrations
within the clouds. We also investigate the concentration of
suspended particles within currents in which the flow has
been distorted into an elongated shape by wind. Finally, we
consider a generalization of the model and estimate concen-
trations of particles within umbrella clouds for given plume
heights and initial grain-size populations.

Our approach is a valid representation of sedimentation
from plumes for times and distances from the volcanic vent
before the coherent gravity current thins significantly by
gravity flow and sedimentation and is subsequently broken
up by ambient atmospheric turbulence (Allen, 1985; Simp-
son, 1987). Thus, the model is certainly valid for the area
near the vent and is probably valid for great distances from
the vent because umbrella clouds can begin as flows several
kilometers thick. Bursik and others (1992b) have shown that
the dispersal of the Mount St. Helens plume is consistent
with gravity-current behavior up to a distance of 600 km
from the vent. After current break-up, diffusion-type models
(Suzuki, 1983; Armienti and others, 1989) can be used to
infer particle concentration, transport, and deposition by
atmospheric advection and turbulence.

SEDIMENTATION THEORY

For particles uniformly distributed within a fluid by tur-
bulence, Hazen (1904) showed that the incremental number
of particles deposited is proportional to the number per unit
thickness of fluid times the thickness of the layer from which
particles could be expected to fall. Einstein and Krone
(1962) and Martin and Nokes (1988) obtained similar rela-
tionships for deposition of suspended particles in flumes and
small laboratory tanks where no particles are resuspended.
Applying these results to a turbulent gravity current flowing
within a stratified fluid as an interflow or intrusion (Manins,
1976), we suggest that the total mass of particles, m, of a
given size fraction being transported within a control volume
moving with the fluid decreases as:

19
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dm = —Ay (0)v(0)dt )

where
A is the area of the lower interface of the fluid parcel,
%(0) is the mass concentration of particles of a given size
fraction at the base of the volume,
hence, Ax(0) is the mass of particles per unit height in the
volume at its base,
v(0) is the terminal fall velocity of the particles at the
base,
tis time,
hence, v(0) dt is the thickness of the fluid layer from
which particles settle out.
If (x) is the mean concentration of particles averaged over
the current thickness, 4, then A{Y) = m/h, and the differen-
tial equation expressing the loss of particles from the cur-
rent can be written:

m
—+uVm =

ot kh T @
where
u is current velocity, and
= (x)/x(0), which is a constant if similarity is
maintained.

It can be shown that, by making the proper substitutions in
equation 1, equation 2 holds for concentration, ¥, as well as
mass, m. Although gravity currents are inherently transient,
conditions within the body of such a flow are approximately
steady at a large distance from the advancing front. For
steady flow, equation 2 holds not only for m and ¥ but also
for the mass of particles carried by the current through time,
M = mm, where 7 is any finite time. If ® = T, eruption dura-
tion, then M is the mass of material deposited beyond any
given distance. Furthermore, for any downcurrent distance,
&, equation 2 can be directly integrated, resulting in:

v (0) } 3
M= Moexp {‘I;kh(&)u(a) % ¥

and

0
0 = (e {-J:,d,("g()——%@da} @

where
My and 7 are boundary values.

There are two cases of volcanological interest to con-
sider when evaluating the integral on the right hand side of
equations 3 and 4. In the first case, the umbrella cloud is axi-
symmetric, resulting from radial spreading in a still atmo-
sphere (fig. 14). The second case arises when the cloud is
modified by wind to assume an elongated shape (fig. 1B).
We examine these two situations below, then we extend the
results to a generalized geometry.

Plume

Umbrella cloud

Eruption
colum

Volcano /\

CONCENTRATION

A DISTANCE FROM PLUME AXIS

Wind direction ——p»

‘Umbrella cloud

N \
\ 1eph.m fal.lmg from
umbrella cloud NN

\\\\

Dovnvmd transport of

Volcano fallout from corner

Translation of corner to surface
B and sedimentation maximum, x 0

Figure 1. 4, Diagram showing a physical model of the sedimen-
tation of tephra of a particular grain size around an eruption col-
umn with no wind. The graph shows the variation of particle
concentration for one grain-size fraction within the umbrella
cloud. Sediment mass per unit area on the ground (unit sedimenta-
tion), S = —dM/dr (1/27r), varies in the same manner. B, Schematic
diagram of the lateral transport of ash by wind from the corner of
the column to illustrate downwind displacement of the accumula-
tion maximum, xg.

RADIAL GEOMETRY

We first consider the case of axisymmetric (radial) flow
developed at the top of a volcanic eruption plume with no
wind. In the volcanic column that feeds the umbrella cloud,
vertical velocities are typically 50 to over 200 m/s (Woods,
1988). Although coarse tephra falls out at the plume mar-
gins, the high velocities result in most tephra being trans-
ported to the plume top where it is swept into the umbrella
current. At the height of neutral buoyancy, where the column
density equals the density of the surrounding atmosphere,
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the plume diverts laterally and there is a rapid decrease in
vertical velocity at a well-defined corner (fig. 14). With no
crosswind, the flow is completely driven by gravity and
assumes a near-radial symmetry. Tephra is supported by tur-
bulence within the current as it falls out at the base into the
underlying quiescent atmosphere.

Integration of the right hand side in equation 3, assum-
ing conservation of volumetric flux, O, between the ascend-
ing column and the current (thus Q = 2nrhu and dQ/dr = 0)
leads to the result:

-V (rz—rg)/Q

M = My )

where
rg is the radial distance of the plume comer from the vent
(fig. 14), and
My is the mass injected into the current during the
eruption.
The mass of particles deposited in concentric rings of unit
width on the ground is thus given by —dM/dr:

—am _ 2vrMy v g0
= =-——¢

dr Q ©

Sparks and others (1991) have presented laboratory
experiments on sedimentation of particles from radially
expanding gravity currents generated by turbulent, particle-
laden plumes that show good agreement with the theory in a
form analogous to equation 6.

Bursik and others (1992a) have compared the sedimen-
tation theory to grain-size-distribution data of the Fogo A
Plinian deposit on Sao Miguel in the Azores (Walker and
Croasdale, 1971). Values of M and. ®mv/Q were determined
from field data for each grain-size class by iterative curve fit-
ting to integrated accumulation data. The slightly elliptical
geometry of the thickness contours in the Fogo deposit,
caused by low winds (= 2 m/s) was accommodated by sub-
stituting a constant of 1.83 for . Detailed descriptions of the
deposits and analysis of the field data are presented in Bursik
and others (1992a). Beyond 7 km, the field data give excel-
lent fits to the Gaussian functions (fig. 24 and 2B) with the
slopes dependent on grain size as predicted by equation 5.
Tephra in the size range 500 to 2,000 wm settles through the
atmosphere with a speed determined by the relationship for
fall at high Reynolds number (Woods and Bursik, 1991). We
therefore expect the coefficient 1.83v/Q to be proportional to
the square root of the grain diameter. Figure 2C shows that
the Fogo data fit this prediction well. From the data in figure
2C, the value of Q, hence the total plume height and magma
discharge rate, can be estimated for the eruption. The esti-
mated total plume height of 21 km and magma discharge rate
of 1.1x10* m3/s, assuming an eruption temperature of
800°C, are in reasonable agreement with an independent
assessment of the plume height (27 km) and magma dis-

charge rate (5.3x10* m3/s) based on the maximum dispersal
of lithic clasts.

The above results can be used to infer particle concen-
trations within the Fogo A umbrella cloud. Given known
masses of particles, M, deposited beyond a radial distance, 7,
the average concentration is given by:

M
= = 7
o0 or ™
where
T is equal to about 12 hours (Carey and Sigurdsson,
1989).

Equation 7 can be applied to each of six grain-size fractions
and the results summed to obtain the total concentration of
lithics plus crystal fragments that are > 500 pum:

6
6 Y u,

_i=1
Eoo,- - o ®)

Because lithics and crystals constitute about 14 percent of
the deposit mass at each locality (Walker and Croasdale,
1971), we can then estimate the average concentration of all
clasts that are > 500 um within the spreading umbrella
cloud along the main (eastward) dispersal axis (fig. 2D).
The results suggest that the cloud contained a rather concen-
trated suspension of these particles, with the smallest frac-
tion becoming enriched relative to larger size fractions with
distance from vent. For the Fogo A eruption, concentration
dropped by an order of magnitude as the cloud spread
downwind about 10 km. Note also that the concentration of
pyroclasts that are > 500 um was probably > 50 mg/m? up
to 20 km from the vent. Even so, most of the ash within the
cloud was probably considerably smaller than 500 pm in
diameter and remained in the atmosphere for great distances
from the volcano.

VOLCANIC UMBRELLA CLOUD
MODIFIED BY A CROSSFLOW

For cases in which the volcanic umbrella current has
been distorted by prevailing winds, it is useful to rewrite
equation 3 in the form:

M= Moexp{ . %Vda} ©)

where
x is downwind distance, and
w is the maximum crosswind width to which the current
has expanded due to gravity.
Equation 9 is easily integrated if v, Q, and u (wind speed)
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Figure 2. A4, The sediment accumulation, S, of lithic clasts in the size interval 2,000-4,000 pum in the Fogo A Plinian deposit as a function
of distance from vent. B, The natural logarithm of the ratio M/M,, where M is the total sedimentation beyond a given distance and My is
the boundary value, is plotted against the difference of the distance squared from the position of maximum sedimentation, 72 — ry2. Data
are shown for four different grain-size intervals, 8,000—4,000, 4,000-2,000, 2,000-1,000, and 1,000-500 um. C, The Gaussian coefficient,
B =1.83v/Q, is plotted against the square root of grain size, showing that the data agree with the equation for settling velocity. D, Inferred
concentration of pyroclasts in the Fogo A umbrella cloud as a function of distance from the vent along the dispersal axis. Concentrations
in other directions would be somewhat lower. In this figure, & (equation 2) is assumed to equal unity. P, pumice; L, lithic (rock) fragments;

C, crystals.

are assumed constant, and if dw/dt = u dwldx = (g'h)!/2,
where g’ is the reduced gravity and 4 is current thickness,
assumed constant for any x. Because the atmosphere is con-
tinuously stratified and the plume thins downwind, (g’4)!/2
becomes ANA, where A is a constant of order unity that
depends on flow geometry and ambient stratification (Simp-
son, 1987; Woods and Kienle, this volume) and N is the
buoyancy frequency of the atmosphere with a value of
approximately 0.035 s~!. Under these assumptions, w is
given by:

w = (2ANOx) */u (10)

The solution to equation 9 is therefore:

2
M = Myexp {—iA/Z?»N/Q(xS/Z—xg/Z)} (11)

where
Xq is the distance to the maximum in mass accumulation
on the ground for a particular size fraction.
The sedimentation within a unit area (unit sedimentation),
S = (—dM/dx)(1/w), can furthermore be shown to be equal
to:

2
§ = S,exp {—3—:J2KN/Q(x3/ Z_ngz)} (12)
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Satellite observations of the current generated by the
initial blast/surge cloud of Mount St. Helens on May 18,
1980, and the subsequent Plinian tephra fall fit this model
well. The blast (phase I) cloud as well as the later phase III
cloud migrated downwind at a velocity of 28 m/s (Sama-
Wojcicki and others, 1981; Criswell, 1987) to distances of at
least 600 km (15:15 PDT in fig. 34), and the observed lateral
expansion with distance agrees with equation 10, once the
current attained the assumed geometry at about 10:45 PDT
(fig. 3B). Using equation 10 and the above values for N and
u, we infer that AQ = 3.9x10% m?/s.
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Figure3. Dataon the geometry and speed of the distal current gen-
erated by Mount St. Helens on May 18, 1980 (taken from Sarna-
Wojcicki and others, 1981). 4, The speed, u, of the eastward drift of
the current front, 28 m/s, agrees well with wind speeds measured
within the region of approximately 30 m/s (Sarna-Wojcicki and oth-
ers, 1981; Carey and Sigurdsson, 1982; Sparks and others, 1986;
Criswell, 1987). B, The development of plume width, w, with dis-
tance follows equation 10 (see text). Width was measured as the
greatest north-south extent of the current at the times and maximum
distances shown in A4.

Crystal accumulation data for the 2.5-, 3-, 3.5-, and 4-¢
(177-, 125-, 88-, and 63-um) size fractions of the May 18 ash
fall deposit show maxima that increase in distance from the
volcano with decreasing grain size (fig. 4). Virtually all of
the ash at these distances was deposited from the Plinian
plume (Carey and others, 1990). These peaks probably rep-
resent the downwind translation of each sedimentation curve
from the corner region between the column margin and lat-
erally moving gravity current (fig. 54). Thus, significant
downwind transport occurred after the crystals fell from the
base of the umbrella region. This is in contrast to the proxi-
mal data for the Fogo A ash fall deposit, where the accumu-
lation peaks for coarser particles are displaced only
negligibly one from another. Accumulation data on the
downwind side of the maxima fit equation 12 well (fig. 5B),
with a decrease in sedimentation with distance that is a func-
tion of particle settling velocity, v. We note that this Plinian
deposit was not formed from the giant cloud generated in the
initial blast but from the eruptive activity that followed it.
We are therefore assuming in our analysis that the lateral
spreading of the Plinian plume was similar to that of the ini-
tial mushroom cloud.

For particles in the size range 63 to 177 um, the
fall velocity, v, is a complex function of grain size (Bur-
sik and others, 1992b; Armienti and others, 1989). The
exponential constant in equation 12 should be propor-
tional to the fall speeds given by Armienti and others
(1989). Thus, the exponential constant in equation 12,
which is proportional to v, should be proportional to the
square root of the grain diameter. The data agree with
this prediction (fig. 5C). The slope, 2(2AN/Q)"2/3u, has
a value of 8.35x1078. Using wind values from Carey and
others (1990), we infer that A/Q = 1.8x10~1% s/m3. Com-
bining the values for AQ and A/Q leads to the conclusion
that A = 0.83, @ = 4.7x10° m3s, and plume height
above vent, H, = 20 km, which agrees reasonably well
with observed plume heights of 11-17 km observed dur-
ing the Plinian phase (Harris and others, 1981) and
heights of 13-16 km calculated from the dispersal of the
largest clasts (Carey and others, 1990). We can examine
the translation of particles below the umbrella region
(fig. 54) by calculating the transport using the wind
intensities recorded in the area of Mount St. Helens on
the morning of May 18 (Carey and Sigurdsson, 1982).
The trend of the observed data crosses the predicted
trends, with agreement occurring for the 177- and 125-
um fractions. Significant deviations are found to occur
for grain sizes of less than 63 pum, with the predicted
transport distances being much larger than the observed.
This divergence is likely due to the process of particle
aggregation, which resulted in the premature deposition
of fine ash and the production of a secondary thickness
maximum in the area of Ritzville, Wash. (Carey and Sig-
urdsson, 1982).
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Figure 4. Downwind variation of felsic crystal unit sedimentation, S, in kng, with distance from the vent for the 4, 177-250-um size -
class; B, 125-177-pum size class; C, 88—125-um size class; and D, 63—88-1um size class for the Mount St. Helens May 18, 1980, Plinian de-
posit. Accumulation maxima (peaks) from the fit of 7th-order polynomials to the data are indicated with arrows.

Concentrations within the umbrella cloud of the crystal
size fractions can be calculated from:

(x) = Sv/ T (13)

The May 18 eruption had a duration, 7= 8 hours, hence
all variables in equation 13 can be constrained with available
data. Figure 5D is a plot of the estimated decrease of concen-
tration of the felsic crystal fractions from 63 to 177 um along
the dispersal axis, to the east of the volcano. The concentra-
tion of these crystal fractions is rather dilute, being below the
critical value of 50 mg/m3. However, the crystals constitute
less than about 50 percent of the total mass in each of these
grain-size fractions, and most of the deposit is finer than 63
pum (Carey and Sigurdsson, 1982). As with the Fogo A cloud,
the larger grain-size fractions become depleted relative to the

smaller fractions with increasing distance because of their
higher fall velocities. A strong wind decreases the sedimen-
tation of pyroclasts at a given distance (equation 12). The 20
m/s wind at the base of the May 18 cloud allowed the con-
centration of these crystal fractions to drop by an order of
magnitude only after the cloud spread downwind about 100
km, and concentration of the 63- to 177-um crystal fractions
alone was still >1 mg/m3 at 100 km from vent.

THEORETICAL PARTICLE-
CONCENTRATION VARIATIONS

Reasonable agreement exists between sedimentological
observations and the theoretical model of flow and sedimen-
tation in volcanic umbrella clouds. We have shown that the
sedimentological data can be used (“inverted”) to infer
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particle concentrations within volcanic plumes (equations 7,
8, and 13). The model can also be used in a “forward” sense
to predict concentrations of particles in hypothetical plumes
with distance from a volcano as a function of plume height
and wind conditions. Even though a fully comprehensive
model of plume dispersal by the wind has not been developed,
some useful guidelines on likely concentrations can be given.

We have calculated ash concentrations as functions of
distance from the vent for specific, end-member cases of
plume geometry. For this purpose, we have chosen a model
grain-size distribution, given in table 1, which is typical of
the grain-size distributions estimated for Plinian eruptions
(Woods and Bursik, 1991). We have assumed that 70 percent
by weight of the ejecta are finer than 2,000 pum and have cal-
culated the changes in concentration of each grain size with
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distance. The initial concentration is related to plume height
as calculated by Sparks and others (this volume). Our calcu-
lations assume one particular grain-size distribution of the
ejecta, but the changes in concentration are very sensitive to
the initial size distribution in the plume. This point is illus-
trated by calculation of the residence time of particles of dif-
ferent diameter in a 5-km-thick layer in the atmosphere
centered at 12.9 km (39,000 ft) altitude. The estimated set-
tling velocities of different particle sizes with a density of
2,000 kg/m? at these altitudes are listed in table 1. From this
information, equation 2 can be used to estimate the time
taken for the concentration of each size to decrease by 1/e of
the initial concentration. This time is also that for each grain
size to fall a distance of 5 km under static conditions. The
orders-of-magnitude changes in residence time among the
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Figure 5. 4, The observed positions of crystal accumulation peaks (from fig. 4) for the May 18, 1980, Mount St. Helens ash fall deposit
compared to their calculated (model) positions based on their translation in the eastern Washington wind field after falling from the base of
the umbrella cloud (assumed for the calculations to be at an altitude of 12 km). B, The decrease in normalized sediment accumulation, S/Sp,
with distance for the Mount St. Helens fallout is consistent with a distance to the three-halves, x32, dependence for the 177-250- to 63-88-
pm crystal size fractions. C, The value of the exponent in equation 12 (see text), 2v/3u(2AN/Q)172, is consistent with the terminal velocity
for these grain-size fractions. D, Average crystal concentrations inferred for the Plinian umbrella cloud from data in B and C.
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Table 1. Model grain-size distribution in weight percent for calcu-
lations of the changes of ash concentration in volcanic plumes with
distance from the vent.

[The grain-size distribution assumes that 30 weight percent of the ¢jecta have a grain
size greater than 2 mm. The estimated terminal fall velocity of each particle size with
a density of 2,000 kg/m> at 12.9 km (39,000 ft) altitude is based on high-Reynolds-
number settling of particles > 355 pm and on low-Reynolds-number settling of parti-
cles < 355 um (Wilson and Huang, 1979)]

Grain Weight Fall Residence
size (Lm) percent speed (my/s) time

1,400 9.0 9.0 9.3 min
710 10.8 6.4 13.0 min
355 12.4 32 26.0 min
171 10.8 1.9 43.0 min

90 9.0 0.64 22h

44 72 0.15 93h

2 5.4 0.05 1.1d

11 - 36 0.012 48d

5.5 1.8 0.0025 23.1d

particles typically present in plumes indicates that size distri-
bution must have a major influence on the change of concen-
tration with distance and time in a volcanic plume.

For dispersal in the absence of wind (equation 5),
plumes that reach the stratosphere can form umbrella clouds
that maintain high concentrations for substantial distances
from the volcano (fig. 64). For example, a 22.8-km-high
plume still has a concentration of 2,000 mg/m? at 100 km,
and a 9.8-km-high plume has a concentration of 50 mg/m? at
200 km distance. The sensitivity of concentration variations
to total grain-size distributions is illustrated by the variations
of the relative concentrations of each grain size with distance
for a 22.8-km-high (75,000 ft) plume (fig. 6B). Large grain
sizes decrease their concentration much more rapidly.

Dispersal by a constant wind blowing much faster than
the gravitational spreading speed can be approximated with
a cloud layer of constant thickness and width. Our calcula-
tions suggest that wind speed plays an important role in
determining the concentrations of ash likely to be encoun-
tered by aircraft in dispersing plumes (fig. 74). These calcu-
lations, however, do not take into consideration particle
aggregation, which is likely to decrease concentrations from
those predicted because of premature fallout. A number of
studies (Sorem, 1981; Brazier and others, 1982; Carey and
Sigurdsson, 1982; Gilbert and others, 1991) have shown that
fine ash particles aggregate in the plumes and consequently
fall out much more rapidly than predicted by consideration
of the fall velocities of individual particles. Observations
indicate that particles less than 63 pm are strongly suscepti-
ble to aggregation processes. For example, much of the sub-
63-um ash in the May 18th plume of Mount St. Helens fell
out at 300 to 450 km to produce secondary thickening of the
ash deposit (Carey and Sigurdsson, 1982). To illustrate the

effect of aggregation on our results we have assumed that all
the particles less than 63 pum in the size distribution of table
1 fall as aggregates with sizes from 90 to 1,400 pm. We
assume that these aggregates are evenly distributed in each
of the size intervals above 63 um and have calculated the
variation of concentration with distance in a 10 m/s wind.
Figure 7B compares these calculations with the case of indi-
vidual particle fallout and shows that ash concentration
decreases much more rapidly with aggregation. These calcu-
lations indicate that much more needs to be known about
aggregation processes in order to predict concentrations of
ash in volcanic clouds.

The model can be generalized by calculating concentra-

tion as a function of area to which the cloud has spread.
Equation 4 can be written in the form:
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Figure 6. A, Ash concentration in an umbrella cloud (in mg/m3)
is plotted against distance for six different column heights and for
dispersal in the absence of wind. B, Relative concentration of ash is
plotted against distance for each grain size class for a 22.8-km-high
column in the absence of wind.
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Figure 7. A, Concentration of ash (in mg/m3) is plotted against dis-
tance for a 22.8-km-high column erupted in no wind and for down-
wind transport of a layer 5 km thick with its base at 15.9 km altitude
for wind velocities of 10, 20, and 30 m/s, and for the case of no wind.
B, Comparison of the downwind change in ash concentration be-
tween the case of individual fallout of all sizes and the case where
particles less than 63 pm aggregate. Calculations are for a wind
speed of 10 m/s and a 5-km-thick layer with base at 15.9 km. Details
of the calculations with particle aggregation are given in text.

where

p = Qfuh is the outer perimeter of a control volume
defined by an isochronous surface to which material
had spread by a certain time within the umbrella
cloud.

Integration of (14) thus yields:

)e—vA/Q

0 = <x (15)

where

% is measured at the perimeter of 4, the area to which par-
ticles of a given grain size have traveled, and

%1 = X0e 10", the “virtual” sedimentation at 4 = 0.

If plume height, H, and the total grain-size distribution of
material entering the umbrella cloud can be estimated, then
equation 13 can be applied to predict the total concentration
of particles within the cloud, {x7). (X7 is the sum of the
concentration of particles within each of N individual parti-
cle-size classes:
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Figure 8. A, Ash concentration as a function of the area encom-
passed by an isochronous surface within the umbrella cloud for col-
umn heights from 10 to 40 km. The grain-size distribution is that
from table 1. B, Concentration variation for different total grain-size
distributions with means shown next to curves. The standard devia-
tion, in ¢ units, for each curve was assumed to be 2.5. Distributions
are for phreato-Plinian/coignimbrite (mean = 82 pm), Vulcanian
(330 um), Plinian (1,500 pm), and Strombolian (26 mm) eruptions
(Woods and Bursik, 1991).
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N
() = X (Xyeid’e (16)

i=1

where
%1 is the sedimentation at 4 = 0, and

v; is the terminal velocity of the ith particle-size class, and

Q = 713H53 (Bursik and others, 1992a).

We have estimated concentrations with area for a range
of particle-size distributions and eruption-plume heights. We
have used four different particle-size distributions covering
the range typical of various types of eruptions (Woods and
Bursik, 1991). Figure 84 shows calculations for plume
heights from 10 to 40 km. Even relatively small Plinian
plumes, approximately 10 km high, will have dangerously
high concentrations of pyroclasts over large areas (= 10°
km?). Figure 8B compares calculations for a 17.3-km plume
with different grain-size models. As expected, plumes that
contain finer grained material, such as those generated by
coignimbrite or phreato-Plinian eruptions (Wilson, this vol-
ume), will retain dangerous concentrations as they spread to
encompass large areas (= 10° km?). It is much more difficult
for plumes containing large particles, such as those gener-
ated by Strombolian eruptions, to persist over similar vast
regions. In addition, Strombolian eruptions rarely attain the
high mass eruption rates, hence column heights, of the other
eruption types. Equation 16 thus gives the quantitative basis
for estimation of concentration variations within volcanic
umbrella clouds, including those in which wind plays an
important role in tephra dispersal.

CONCLUSIONS

The sedimentation of large, nonaggregating pyroclasts
from volcanic umbrella clouds has been successfully
modeled using a simple treatment. The agreement of the
model with grain-size data from ash fall deposits suggests
that estimates of ash concentrations within the cloud are
reasonable. Using both direct estimates from sedimentolog-
ical data and the predictions of a plume model, we have
shown that concentrations of ash in volcanic clouds that
penetrate altitudes where commercial airplanes fly can
exceed (by several orders of magnitude) the concentrations
known to cause severe engine damage or failure. Danger-
ous concentrations can potentially persist for hundreds of
kilometers from the vent. However, the model is clearly
sensitive to the overall size distribution of ejecta and needs
to include the processes of ash aggregation due to electro-
statics (Gilbert and others, 1991) and moisture within the
umbrella cloud.
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ELECTRICAL PHENOMENA IN VOLCANIC PLUMES

By Jennie S. Gilbert and Stephen J. Lane

ABSTRACT

Observations of lightning and St. Elmo’s fire within
volcanic eruption plumes suggest high degrees of charge.
Measurements of electrical charge on ash particles falling
from the eruption plumes of Sakurajima Volcano in Japan
indicate that the particles are nearly saturated with charge.
Charge-to-mass (Q/m) ratios range from +3x10~4 to
+6x10~4 C kg! and from -2x10 to —5x10~ C kgl
Sequential positive and negative deviations of electric poten-
tial gradient from background of several orders of magnitude
were measured during explosions that generated particles.
No deflections from background were found during explo-
sions that released only gases. During fallout of particles,
negative electric potential gradients occurred, whereas posi-
tive gradients were observed during fallout of acid rain. The
fluctuations of potential gradient during the generation of
particle-laden plumes and the observation that falling parti-
cles carried an average negative charge, while acid raindrops
carried an average positive charge, suggest a dipole arrange-
ment of charge within plumes such that positive charges
dominate at the top of the plume and negative charges dom-
inate at the base. The charge polarity may be reversed for
other volcanoes. The presence of charged liquid drops of
condensed volcanic gases suggests that charge is generated
mainly by fracto-emission processes during magma frag-
mentation within the vent, rather than by collision effects
within the plume.

INTRODUCTION

Spectacular displays of lightning are common in parti-
cle-laden volcanic plumes, indicating that locally the air ion-
ization limit has been exceeded (Blythe and Reddish, 1979).
Amongst many other examples, lightning has been observed
at Vesuvius in 1872 (Palmieri, 1873), Krakatoa in 1883
(Simkin and Fiske, 1983), Vesuvius in 1906 (Perret, 1924),
Stromboli in 1907 (Perret, 1924), Anak Krakatau in 1933
(Simkin and Fiske, 1983), Surtsey in 1964 (Anderson and
others, 1965), Heimaey in 1973 (Brook and others, 1974),
Usu in 1977 (Kikuchi and Endoh, 1982), Mount St. Helens

in 1980 (Rosenbaum and Waitt, 1981), Redoubt in 1990
(Hoblitt and Murray, 1990), Hudson in 1991 (José Naranjo,
University of Chile, Santiago, Chile, oral commun., 1992),
and Sakurajima (present authors). Therefore, high degrees of
electrical charge are present in volcanic plumes, and this
electrical charge, as well as producing magnificent visual
displays, may also encourage particle aggregation and thus
increase the sedimentation rate of particles (Sorem, 1982;
Gilbert and others, 1991). Aircraft in flight accumulate fairly
large potentials (Newman and Robb, 1977) from contact
with atmospheric particles, which may or may not be
charged. These potentials “bleed off” in the form of a corona
or point discharge, also known as St. ElImo’s fire. Severe St.
Elmo’s fire around aircraft has been reported by pilots unfor-
tunate enough to encounter volcanic plumes while in flight
(E.H.J. Moody, British Airways, oral commun., 1991).

Our aim is to assess the magnitude of charging in vol-
canic plumes and to understand the origin of the charged par-
ticles. In order to do this, we present results of two series of
field experiments carried out at Sakurajima Volcano in May
1990 and March-May 1991. In the first experiments, we
measured the amounts of charge present on particles falling
from Sakurajima’s plumes, and in the second, we measured
perturbations of the atmospheric electric potential gradient
from the background fair-weather field during eruptions.

Sakurajima is an andesitic stratovolcano, 1,118 m high
in southern Kyushu, which has had repeated flank and sum-
mit eruptions during historic times. Because Vulcanian-type
summit eruptions have occurred on a daily basis since 1955,
Sakurajima is the ideal “working laboratory” for volcanic-
plume experiments. During May 1990, the eruptions were of
a continuous style and lasted for a few days. In contrast, in
March-May 1991, the eruptions were of an explosive style,
accompanied by explosion earthquakes and atmospheric
shock waves, and were sustained for only a few hours. Dur-
ing both periods, plumes reached a maximum height of 3 km
above the summit and were frequently distorted by the wind
so that particles were deposited asymmetrically around the
vent on the surrounding countryside, including several vil-
lages, Kagoshima City, and Kagoshima International Air-
port. These different styles of activity complemented the
type of experiment carried out each year.

31



32 VOLCANIC ASH AND AVIATION SAFETY: PROCEEDINGS, FIRST INTERNATIONAL SYMPOSIUM

EXPERIMENTS

I. MEASUREMENTS OF ELECTRICAL
CHARGE ON FALLING PARTICLES

PREVIOUS WORK

Hatakeyama (1958) used a collecting device in contact
with an electrometer in order to measure the average charge
carried by particles falling from the eruption plume of
Asama, Japan, on 2 August 1941. The experiment was car-
ried out 50 km from the vent and the average charge was
found to be 1.2 esu per gram (approximately —4x10~7 C

kg1).

APPARATUS

Our experiments differed from those of Hatakeyama
(1958) in that we separated positively from negatively
charged particles and measured the amount of charge carried
by each. Particles (> 500 um wide) falling directly from the
eruption plume were allowed to pass between two parallel
copper plates mounted in a grounded case. One plate was
connected to Earth, the other to a high-voltage supply (3
kV), to yield an electric field of 1.2x105 V m™! between the
plates that separated the positively and negatively charged
particles. The charge on particles contacting the grounded
plate was measured by a Keithley 614 electrometer. Leakage
currents across the plastic insulators that supported the
plates, or resulting from any corona discharge within the
apparatus (although surfaces were rounded to minimize this
effect), were only just detectable at < 0.1 pA when humidity
was low. Under conditions of high humidity, leakage cur-
rents became appreciable (> 10 pA). The plates were covered
with a layer of oiled aluminum foil to which particles would
adhere. After each experiment, the particles were removed
from the foil by reflux degreasing in isopropyl alcohol and
weighed to determine the charge-to-mass (Q/m) ratio of the
sample. The size distribution of the samples was determined
from silicon X-ray images of particles resting on a carbon
substrate using the Link Analytical Featurescan facility.

RESULTS

Results of two experiments (figs. 1 and 2) from two
different eruptions indicate substantial changes in the gradi-
ent (nC min~!) between the shielded state of the apparatus
(when no particles were collected) and the exposed state.
Figure 1 shows data for an experiment carried out during
fallout of dry aggregated particles. A -3-kV supply was
used in order to accelerate negatively charged particles
toward the grounded plate where the amount of charge car-
ried was measured. After a stabilization period of 64 min-
utes, during which time the apparatus was shielded, a light
ashfall was allowed to pass between the parallel plates. This
resulted in an increase in gradient (nC min™!), indicating the

accumulation of negatively charged particles on the
grounded plate. During the period 70 to 76 minutes into the
experiment, the fall almost ceased and the nC min~! rate
returned approximately to the background state. Between 76
and 84 minutes, light fall occurred and a steeper nC min™!
gradient was reestablished. After 84 minutes, fall ceased
and again the readings returned to the background level.
The Q/m ratio for the sample collected in this experiment
was —2.7x10~4 C kg!. Grain size (on a number-frequency
basis) was in the range 0.9-152 um, the mean diameter 20.7
pum, the 95th percentile 54 um, and maximum-frequency
diameter 54.5 pum. The grounded plate carried 1.5 mg and
the kV plate 0.5 mg of particles. In this experiment, 93
weight percent of the sample passed between the plates and
therefore carried insufficient Q/m ratio to contact the plates.
No aggregated particles were observed adhering to the oiled
plates. This implies either that the aggregates had insuffi-
cient Q/m ratio to be attracted to the plates or that they were
fragmented by the electric field and the resulting particles
were attracted to both plates.

In a different experiment (fig. 2), a +3-kV supply was
used (i.e., positively charged particles were accelerated
toward the grounded plate for measurement). After a stabili-
zation period of 21 minutes, a light ashfall was allowed to
pass between the plates. This resulted in an increased nC
min~! gradient. After 68 minutes, the apparatus was shielded
so that no particles could accumulate and the leakage current
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Figure 1. Charge (nC) versus time (minutes) for parallel plates ex-

periment using —3-kV supply. The charge-to-mass ratio was found
to be —2.7x10* C kg™!. The period when the plates were shielded
from ashfall is indicated by solid symbols; open symbols indicate
the period when the plates were exposed to ashfall. Temperatures
and relative humidities at the start and finish of the experiment were
25°C, 44 percent; and 23°C, 48 percent, respectively.
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Figure 2. Charge (nC) versus time (minutes) for paralle] plates
experiment using +3-kV supply. The charge-to-mass ratio was
found to be +4.9x10~4 C kg1, The period when the plates were
shielded from ashfall is indicated by solid symbols; open symbols
indicate the period when the plates were exposed to ashfall. Best fit
straight lines for the solid symbols are shown. Temperatures and
relative humidities at the start and finish of the experiment were
20°C, 66 percent; and 19°C, 74 percent, respectively.

returned approximately to the pre-collection state. The Q/m
ratio for this experiment was +4.9x10~4 C kg~!. Grain size
(on a number-frequency basis) was in the range 1-253 pm,
the mean diameter 28 pm, the 95th percentile 71 um, and
maximum-frequency diameter 49.1 um. The grounded plate
carried 2.6 mg and the kV plate 3.7 mg of particles. In this
experiment, 77 weight percent of the sample passed between
the plates. Again, no aggregates were observed on the plates.

DISCUSSION

The Q/m ratios measured in this work are an average
over a wide range of particle sizes (1-250 pim). Smaller par-
ticles will have a higher Q/m ratio than larger particles due
to their larger surface area to volume ratios (charge resides
on the surface of particles) and due to the Paschen law
(Blythe and Reddish, 1979). The Q/m values used as data for
figures 1 and 2 yield surface-charge densities (assuming
spherical particles and maximum-frequency diameters) of
~7x1073 and +9x10~5 C m™2, respectively. The theoretical
maximum surface-charge density on a flat surface in the
atmosphere is £2.6x10~° C m2, above which air breakdown
occurs. As particle size decreases below about 1 mm, the
divergence of the electric field away from the particle sur-
face reduces the effective spark gap of the system, allowing

higher surface-charge densities to be stable in air (Blythe and
Reddish, 1979). Blythe and Reddish (1979) calculated from
the Paschen law that particles 50 um in diameter may sustain
surface-charge densities of approximately 1.5x10™# C m2
but that these levels are difficult to observe experimentally.
They state that, for practical purposes, the maximum charge
per unit mass carried by a stream of insulating particles may
be calculated assuming a surface-charge density of £1x1075
C m™2. The particles produced during Sakurajima’s erup-
tions thus appear to be charged almost to the air ionization
limit; that is, they are nearly saturated with charge.

II. MEASUREMENTS OF ELECTRIC
POTENTIAL GRADIENT CHANGES
DURING ERUPTIONS

PREVIOUS WORK

The effect of eruption plumes, fallout of particles, and
acid rain on the atmospheric electric potential gradient is not
well understood. However, abundant measurements of elec-
tric-potential-gradient changes beneath and within thunder-
clouds suggest that most have a concentration of positive
charges in their upper regions, with a lower region of nega-
tive charge and a further concentration of positive charge in
alimited zone at the base of the cloud (Chalmers, 1967). This
arrangement is thought to result from charge-separation pro-
cesses operating at different levels within the cloud (Chalm-
ers, 1967). Charge distributions have also been described in
dust devils (Freier, 1960; Crozier, 1964), and in non-raining
clouds (Whitlock and Chalmers, 1956). Electric-potential-
gradient measurements made during fair weather, beneath
clouds, and during rainfall and snowfall are available
(Chalmers, 1967). Hatakeyama (1949) recorded a negative
potential gradient during the overhead passage of the parti-
cle-laden cloud from Yake-yama Volcano in Japan. During
eruptions of Aso Volcano in Japan, Hatakeyama and
Uchikawa (1952) observed an eruption plume dominated by
positive charge in its lower region and by negative charge in
its upper region. At Surtsey, electric-potential-gradient data
were collected by towing an electrometer and radioactive
probe mounted on a ship beneath the particle-laden plume
(Anderson and others, 1965), but the potential-gradient
changes resulting from the presence of the plume were diffi-
cult to decouple from the effects of breaking sea waves on
lava flows. Kikuchi and Endoh (1982), situated 5 km NE. of
the vent of Usu Volcano, Japan, measured a negative field
associated with the generation of a particle-laden plume on
12 August 1977. On this occasion, the plume did not pass
overhead but moved to the NW. On 13-14 August, these
authors measured alternating positive and negative potential
gradients during particle fallout. High-speed monitoring of
the atmospheric electric potential gradient during explosive
eruptions at Sakurajima (Matsumoto and others, 1988) found
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gradient changes of the order of 1 V m™! approximately one
second after an explosion. These changes in gradient were
correlated with shock waves. None of the above volcanic
studies investigated the effect of acid rainfall on the potential
gradient.

APPARATUS

Here we report electric potential gradient measure-
ments made: (1) as particle-laden plumes passed overhead,
as well as at distance from the field meter, (2) as plumes of
condensing gases passed overhead, and (3) during periods of
particle fallout and acid rainfall. Measurements were made
between 2 and 5 km from the vent using a stationary, tripod-
mounted, grounded John Chubb electrostatic field meter
(JCI 111). The height from the base of the tripod to the mea-
suring aperture of the field meter was 1.55 m. The advantage
of using the tripod was to produce a noise free amplification
of the signal (neasured to be a factor of 20) in order to over-
come increased meter noise levels due to aperture and Earth-
connection contamination. Data presented here have been
corrected to ground-level potential gradients.

RESULTS

Figure 34 shows data collected during an explosion at a
locality 2.75 km SSE. and downwind (on axis) of the active
vent. During the experiment, the weather was fine with no
cloud cover and a light breeze. For the first 206 minutes of
the experiment, Sakurajima erupted mainly white plumes of
condensing gases, which rose approximately 300 m above
the vent. Occasional particle-laden plumes of similar size
were generated that produced very light ashfall. Vent noise
was absent or restricted to low rumblings. At 206 minutes, a
loud detonation was heard and was followed by bombs a few
meters wide being thrown out of the vent, after which a dark
particle-laden plume rose to a height of approximately 3 km
above the vent. At this height, the plume formed a laterally
spreading gravity current. At 207.5 minutes, the potential
gradient had dropped to —0.4 kV m™! after which it started to
rise rapidly. At 209 minutes, the cloud was observed to be
directly overhead, and at 212 minutes, fallout of particles < 1
cm in diameter commenced. At 213 minutes, the maximum
positive potential gradient of 2.5 kV m~! was obtained, after
which the potential gradient decreased. At 219 minutes, the
maximum negative potential gradient of —2.7 kV m™! was
obtained, by which time the rate of particle fallout had
slowed. By 235 minutes, the potential gradient had returned
to approximately the pre-explosion background value and
there was a very light fallout; the bulk of the plume had dis-
persed with only small emissions coming from the vent.

Data for another explosion are seen in figure 3B. This
experiment was run at a locality 2 km SW. of the vent. At the
time of the explosion, the wind direction was NNW., and
therefore, the experiment was run off the dispersal axis.

During the experiment, prior to the explosion, the cloud
cover was 0—20 percent and there was a slight breeze. During
the first 82 minutes, Sakurajima was erupting white plumes
of condensing gases that rose to a maximum height of 200 m.
At 82 minutes, a loud detonation was heard, at which time a
dark particle-laden plume ascended to a height of 1.5 km
above the vent before spreading laterally. After 84 minutes,
the potential gradient had dropped from background to —1.0
kV m, after which it began to rise. At 87 minutes, the
potential gradient was 1.5 kV m~!. By 88 minutes, the plume
had started to disperse, leaving only a small, particle-laden
plume emanating from the vent. During dispersal of the
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Figure 3. Potential gradient (kV m™') versus time (minutes). 4,
Explosion at 13:39 local time (local time = Greenwich mean time +
9 hours) on 3 May 1991. Temperatures and relative humidities at
the start and finish of the experiment were 18°C, 45 percent; and
21°C, 39 percent, respectively. B, Explosion at 10:16 local time on
30 April 1991. Temperatures and relative humidities at the start and
finish of the experiment were 16°C, 66 percent; and 19°C, 58 per-
cent, respectively. C, Explosion at 15:44 local time on 30 April
1991. The temperature and relative humidity one-half hour into the
experiment were 22°C and 54 percent, respectively.
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Figure 4. Potential gradient (kV m™!) versus time (minutes) during ashfall on 25 March 1991. Temperatures and relative humidities at the
start and 90 minutes into the experiment were 24°C, 69 percent; and 24°C, 73 percent, respectively.

plume, the electric potential gradient decayed approximately
exponentially to the pre-explosion background level. No
ashfall occurred at the measurement locality.

Figure 3C shows the effect on the potential gradient of
an explosion that generated only gases. The experiment was
run at a locality 2.75 km SSE. and downwind of the vent.
Prior to the explosion, there was a gentle breeze and no cloud
cover. During this time Sakurajima was erupting small white
plumes up to 150 m high of condensing gases and low rum-
blings were coming from the vent. After 159 minutes, a loud
detonation was heard after which a white plume rose approx-
imately 1.5 km from the vent before spreading laterally. The
generation of this plume had no observable effect on the
potential gradient. By 174 minutes, the plume had dissi-
pated. No particles fell from the plume.

Figure 4 shows the effect of ashfall on the electric
potential gradient. The data were collected at a locality 3.5
km E. and downwind of the vent, at which time there was
approximately 20 percent cloud cover and a breeze. During
the first 180 minutes of the experiment, white plumes of con-
densing gases < 300 m high were erupted intermittently, at

which time the volcano was either silent or rumbling. At 135,
141, and 158 minutes, strong gusts of wind gave rise to
potential gradients of —0.25 kV m~1, -0.45 kV m™!, and
-0.21 kV m™! respectively. After 180 minutes, a detonation
was heard and a particle-laden plume ascended approxi-
mately 500 m above the vent. The plume then moved over-
head. Light ashfall commenced at 219 minutes and
continued until the end of the experiment. During this time,
the potential gradient decreased to nearly —1.5 kV m™!.

The effect of plume-induced acid rain on the electric
potential gradient was investigated in an experiment (fig. 5)
carried out a locality 2.25 km NW. and downwind of the
vent. At this time, the weather was overcast with 100 percent
cloud cover. Sakurajima was erupting a plume (> 300 m
high), and rumblings were coming from the vent. A light fall
of particles (> 2 mm in diameter) occurred for the first 30
minutes of the experiment. Between the periods 15-22 and
32-41 minutes, gentle, particle-free liquid drops fell, irritat-
ing the skin. The drops were tested with pH indicator paper
and found to have a pH of < 1. The drops were generated by
condensation of volcanic gases.
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Figure 5. Potential gradient (kV m™1) versus time (minutes) during plume-induced acid rainfall on 27 April 1991. At the start and finish
of the experiment, temperatures and relative humidities were 16°C, 90 percent; and 19°C, 74 percent, respectively. Solid symbols indicate

periods of rainfall.

DISCUSSION

The potential gradient data are consistent with particles
falling from the plume with a net average negative charge
(fig. 4) and acid rainfall with an average positive charge (fig.
5). Explosions that generated no particles produced no mea-
surable fluctuations in the potential gradient (fig. 3). Explo-
sions that generated particles were characterized by large
changes in potential gradient (figs. 34 and 3B). This implies
that lava-dome rupture during explosive steam eruptions
does not necessarily generate large amounts of particles or
result in significant charge separation. Processes that gener-
ate considerable quantities of particles, such as degassing of
magma, do result in the generation of charged particles and
volcanic gases (ions).

Explosive eruptions resulting in particle generation
exhibit sequences of potential gradient reversals (figs. 34
and 3B). These reversals may be explained in this case by
assigning an average negative charge to particles and posi-
tive charge to the erupted gases, which condense to yield
positively charged liquid drops. Figure 6 shows one series of
possible explanations for the potential gradient reversals.

In the early stages of the eruption (fig. 64), positively
charged gases separate from the particles at the top of the
column due to settling of ash particles. Particle aggregation

would enhance this process by increasing the rate of fallout
from the top of the cloud. Separation causes the initial nega-
tive-potential-gradient pulse seen in both on-axis (fig. 34)
and off-axis (fig. 3B) situations. This is due to the negatively
charged (on average) base of the column being closer to the
field meter than the positively charged (on average) top of
the column. A laterally spreading gravity current develops
(fig. 6B) and higher wind speeds accelerate the gases ahead
of the particles at high altitudes and give rise to the positive
potential gradient in the on-axis data (fig. 34). Gases escap-
ing from the side of the plume generate a positive potential
gradient in the off-axis data (fig. 3B).

In the final stages of the eruption (fig. 6C), the plume
recedes from the off-axis field meter generating the near-
exponential decay in potential gradient (fig. 3C). As the
plume moves over the on-axis field meter, negatively
charged particle-laden regions of the plume dominate the
potential gradient and the near-exponential decay as the
plume retreats is punctuated by periods of ashfall (fig. 34).

Hatakeyama and Uchikawa (1952) proposed a dipole
model to explain their observations but assigned charge of
one sign to large particles and charge of the other sign to
small particles. We see no physical justification for particle
size to control charge polarity of insulating particles because
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charge transfer on contact is driven by differences in surface
work function. This function depends on surface composi-
tion of particles, which may be different from their bulk
composition. Previous workers (Hatakeyama and Uchikawa,
1952; Hatakeyama, 1958) have suggested that charging of
particles occurs within the plume due to grain-grain colli-
sions. This mechanism does not adequately explain the gen-
eration of charged gaseous species that condense to form
charged liquid drops. We propose that charge is generated by
fracto-emission (Donaldson and others, 1988) processes dur-
ing vesiculation and fragmentation of magma within the
vent, where particle generation is taking place. These pro-
cesses yield both ionized volcanic gas and charged particles.
The generation rates of charged material within a convecting
low-density plume must be significantly lower than within
the fragmentation zone. The polarity of the charges gener-
ated may depend on the volcano or eruption studied and may
be a function of magma chemistry (Hatakeyama and
Uchikawa, 1952; Anderson and others, 1965).

We calculate to a first approximation that, in order to
generate a potential gradient of 2.5 kV m~! (fig. 34), a min-
imum excess charge concentration in the gas cloud of

Gas cloud

Ash cloud

| Off-axis fieldmeter
[ ] On-axisfieldmeter
—> Prevailing wind

Offiaxis

On-axis

Figure 6. Schematic representation of the growth and dissipation
of an eruption plume to explain changes in potential gradient mea-
sured at ground level. See text for explanation.

approximately 1010 elementary charges per cubic meter (e
m™3) is required if a gas/particle separation distance of 10 m
is assumed. Similarly, Anderson and others (1965) calcu-
lated an excess charge of 2x101% e m™ for the eruption cloud
of Surtsey. Assuming the same excess charge concentration
for the particle-laden cloud, a value of surface-charge den-
sity of 10-5 C m2 (Gilbert and others, 1991) and 25-um-
diameter particles, calculations give an excess charged-par-
ticle concentration of 105 m™. This yields an excess mass
loading of 1076 kg m= of charged particles. Hatakeyama
(1958) found an overall (positive plus negative) charge-to-
mass (Q/m) ratio for falling particles of 4x10~7 C kg1, and
Gilbert and others (1991) found an absolute (positive or neg-
ative) Q/m ratio for falling particles of —2x1074 to —5x10~*
C kg!. This implies that the excess charge is carried by
approximately 0.1 percent of the particles. Therefore, the
total mass loading of the Sakurajima plumes may be of the
order of 10~3 kg m—3. Assuming that the erupted material
contains 2 weight percent gas and the horizontal cross-sec-
tional-area ratio of the top of the column to the vent is 104, a
mass loading of 5x1073 kg m3 is calculated. The Mount St.
Helens initial eruption cloud of 18 May 1980 was calculated
to support a total of 8.5x1073 kg m3 of fine particles (Harris
and others, 1981). This indicates that only a small difference
in the generation rates of positively and negatively charged
particles and gaseous ions is required to produce the
observed electric potential gradient fluctuations.

RECOMMENDATIONS FOR
AIRCRAFT SAFETY

We have shown that particles falling from volcanic
plumes may be highly charged and that the presence of a par-
ticle-laden plume (in contrast to a plume of condensing
gases) may significantly alter the fair-weather potential gra-
dient. In order to detect the presence of erupted material, we
suggest that aircraft in flight should monitor: (1) potential
gradient changes (certain patterns may be distinctive to par-
ticle-laden plumes), (2) particulate and ion concentrations by
means of current flowing from corona-discharge bars (high
currents may indicate the presence of either charged or
uncharged particles), and (3) atmospheric SO,/HCI concen-
trations (high concentrations may indicate the presence of a
plume).

The effects of volcanic particles on jet engines are well
known (Campbell, 1991). However, particles may also effect
other aircraft systems. The development of “fly-by-wire”
aircraft may mean that safety becomes dependent on the
functions of static-sensitive semiconductor devices. Because
charged particles may be ingested into the cooling systems
of aircraft electronics, therefore, the development of closed
cooling systems would be desirable.
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