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ABSTRACT

Following 39 years of inactivity, Crater Peak vent
on the south flank of Mount Spurr volcano burst into
eruption at 7:04 a.m. Alaska daylight ume (ADT) on
June 27, 1992. This and subsequent eruptions on Au-
gust 18 and September 16-17 were subplinian, had a
volcano explosivity index (VEI) of 3, and Jasted about
4 hours. The June, August, and September eruptions
released 44, 52, and 56 million m3 (12, {4, and 15
miition m3 dense rock equivalent or DRE) of andes-
itic (57 weight percent SiO,) tephra, respectively and
drove tephra columns 14,000 to 15,000 m above sea
level. The August cruption had the most far-reaching

Manuscript approved for publication May 19, 1995,

effects—it deposited 3 mm of ash on Anchorage, 125 km
east of the volcano. Proximal pyroclastic flows accom-
panied the August and September eruptions. In alt erup-
tions, lahars and debris flows descended Crater Peak’s
south filank, and some reached the Chakachatna River.

Reai-time seismic moniloring tracked the 10-
month crescendo of precursory earthquakes and al-
lowed timely warning of the increasing unrest to State
and Pederal government officials, the military, air car-
riers, and local citizens. This monitoring was augmented
with other types of observations and provided the ba-
sis for accurate eruption advisories that minimized eco-
nomic losses. In particular, because of an efficient ash-
cloud warning system in Alaska and new awareness
of the problem of ash clouds within the aviation com-
munity, no jets were damaged. Unavoidable losses of
$5 to 8 million were sustained from the August ashfall
on Anchorage and the Matanuska-Susitna Valley, both
of which make ap the State of Alaska's center of popu-
lation and economic activity. Additional but unevaluated
costs were incurred from flight delays in large North
Armerican airports to the south and east as ash clouds
of the August and September eruptions passed over-
head.

INTRODUCTION

The Crater Peak vent of Mount Spurr volcano,
located 125 km west of Anchorage (figs. 1, 2) and
last active in 1953 (Juehle and Coulter, 1955; Wilcox,
1959), erupted three times in 1992 following 10 months
of heightened seismicity. The first eruption occurred
on June 27, 1992, and was followed by simijlar events
on August 18 and September {6-t7, 1992. This pa-
per provides an overview of these eruptions and the
Alaska Volcano Observatory’s response to them.
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Figure 1. Index map showing volcanoes and population centers of the Cook Inlet region, Ataska.

GEOLOGIC SETTING AND HISTORY
OF MOUNT SPURR VOLCANO

Mount Spusr sits 100 km above the Wadati-
Benioff zone and 500 km inboard of the Aleutian Trench
(Jacob and others, 1977) on a basement of mainly in-
trusive rocks (Nye and Turner, 1990). Iis large stra-
tovolcano edifice, built of two-pyroxene andesite (58—
60 weight percent SiO,), began to form before 255,000
yr ago (Nye and Turner, 1990Q). Pyroctastic rocks domi-
nate the lower part of the volcano, and lava flows
dominate the upper part. Within the past 58,000 yr

but before Holocene time, the volcano collapsed south-
ward in a manner similar to Bezymianny Volcano in
Kamchatka, Russia (Gorshkov, 1959). The debris ava-
lanche generated at Mount Spurr had 2 minimum runout
of 25 km by 6 km and left the volcano with a horse-
shoe-shaped caldera rim. Collapse was followed im-
mediately by eruption of more silicic (60-63 weight
percent Si0,) andesitic ash-flow tuffs. A large dome
complex, which now forms Mount Sperr’s 3,374-m
summit, grew in the center of the caldera probably
no later than 5,000 yr ago (Riehle, 1985). The com-
plex consists of two-pyroxene silicic andesite, chemi-
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Figure 2. Generalized geologic map of Mount Spurr area, southern Alaska.
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cally similar to the ash-flow tuffs (Nye and Turner,
15990). A basaltic-andesite satellitic cone developed at
the same time in the caldera breach. The present Crater
Peak represents a second period of satellite cone-build-
ing at the same location; it reaches an elevation of
2,309 m, 3.5 km south of Mount Spurr’s summit. Crater
Peak consists of lavas and pyroclastic flows of mafic
andesite (53-57 weight percent Si0,. Nye and Turner,
1990). The 40 tephra units correlated to this vent range
in age from 5,000 yr to present (Riehle, 1985). Erup-
tion products that are apparent mixiures of Crater Peak
and summit dome compiex magmas indicate that the
two systems were partly coeval (Nye and Turner, 1990).

Prior to 1992, the only witnessed eruption of
Mount Spurr occurred on July 9, 1953, This eruption
also issued {rom the Crater Peak vent and consisted
of two main explosive pulses, followed by steam and
minor ash emission. The eruption cloud rose to over
20,000 m above sea level and deposited 3 to 6 mm of
andesitic (55 weight percent §iO,) ash on Anchorage
(Juehle and Coulter, 1955; Wilcox, 1959). A debris
flow dammed the Chakachatna River downslope from
Crater Peak, and the dam created an 8-km-long iake.
The dam was overtopped and breached within a week.

ROLE OF THE ALASKA VOLCANO
OBSERVATORY

The Alaska Volcano Observatory (AVO) was es-
tablished in 1988, following the 1986 eruption of Au-
gustine Volcano: the observatory conducted its first
full eruption response with the Redoubt Volcano epi-
sode of 1989-90 (Miller and Chouet, 1994). AVO is
a cooperative program of the U.S. Geological Survey
(USGS), University of Alaska Fairbanks Geophysical
Institute (UAFGI), and Alaska Division of Geologi-
cal and Geophysical Surveys (ADGGS). AVO is sup-
ported by both the Department of Interior through the
USGS Volcano Hazards and Geothermal Studies Pro-
gram and by the State of Alaska. AVO’s primary mis-
sion is to communicate timely warnings of unrest and
potential eruption of Alaska's volcanoes and to in-
vestigate the fundamental processes of hazardous vol-
canism, with a view toward improved eruption warn-
ings and hazard assessments.

Since World War II, Anchorage has become the
population and economic center of Alaska; over half
the population of the State is currently concentrated
in the Anchorage area. Three of the Cook Inlet vol-
canoes—Augustine Volcano, Redoubt Volcano, and
Mount Spurr—are frequently active. Within the past
decade, their eruptions have produced ash clouds that
were hazardous to aircraft as well as to the general

populace. Accordingly, the Cook Inlet region presents
the greatest array of volcano hazards in Alaska and
is the focus of AVO’s efforts.

AVO distributes npdates (fig. 3) each Friday to
summarize the weekly status of the monitored Cook
Infet volcanoes and any reported activity of unmonitored
volcanoes on the Alaska Peninsvla and Aleutian Is-
lands. During pertods of volcanic unres¢ and ecuption
crises, additional updates are issued when significant
changes in activity should be made known (o the public
(Brantley, 1990). Updates were issued frequently to a
prioritized list of well over 100 recipients during the
Crater Peak eruptions. AVO at Fairbanks faxes to the
tocal Federal Aviatior Administration (FAA), the lo-
cal National Weather Service (NWS), Alaska Depart-
ment of Emergency Services (ADES), local military
bases, Governor’s and State offices, television and radio
stations, and ajrlines. AVO at Anchorage faxes to the
local FAA, the [ocal NWS, Jocal mititary bases, USGS
offices, other federal agencies, television ard radio
stations, news wire services, and airlines. Updates are
also distributed by electronic matl to the volcano in-
formation networks.

A level of concern color code was established
during the Redoubt Volcano eruptions to quickly and
simply convey AVO’s evaluation of eruption poten-
tial and eruption severity (Brantley, 1990; Miller and
Chouet, 1994). This code was modified slightly for
use with the Crater Peak eruptions (fig. 4). When a
volcanic crisis begins, telephone calls are made to Fed-
eral, State, and local agencies with critical public safety
responsibilities to give the level of concern color code
as the update is being prepared. A calldown proce-
dure, likewise established for the Redoubt Volcano erup-
tions (Brantley, 1990; Miller and Chouet, 1994), was
used for the Crater Peak eruptions. Responsibility for
calis are shared between AVO at Anchorage and AVO
at Fairbanks, so all concerned agencies are contacted
within minutes.

1992 ERUPTIONS—MONITORING AND
RESPONSE CHRONOLOGY

PRE-ERUPTION PERIOD

Early indication of unrest at Mount Spurr was a
conspicuous swarm of volcano-tectonic (VT) earth-
quakes during the tast half of August 1991 (table |;
Power and others, this volume). Unlike swarms that
had occurred in 1982 and 1989, this one was directly
under Crater Peak within a volume that had been
asejsmic for at least a decade (Jolly and others, 1994),
and it was followed by caldera-wide seismicity. By
February of 1992, seismic activity had increased to
such a level that discussions of Mount Spurz’s unrest
were included in AVO's weekly updates. Through April
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ALASKA VOLCANO OBSERVATORY

U.S. Geotogical Survey Gaophysical insthute AK Division of Geological

4200 Unwarsity Drive University of Alaska and Geophysical Surveys

Anchorage, AK 99508 Fawbanks, AK 99775 794 Univarsity Ave. Suite 200
Falanks. AK 59709

MT. SPURR UPDATE
Thureday, Septembar 17, 1932 12:30 2M ADT
CURRENT LEVEL OF CONCERN COLOR CODE 1S RED

LAST LEVEL OF CONCERN WAS YELLOW
For definitions, see updats of 6/24/92

At approximately 00:04 ADT, AVO selsmometers indicated a second
eruptian at Mr. Spurr which is ongoing at this time. An ash
plume reaching an estimaced altitude of at least 35,000 feet has
been confirmed by NWS radar and pilot observations.

Based on forecast winds, the plume should travel in an easterly
direction fxrom Mount Spurr and could effect the Mar-Su and
greatexy Anchorage area region with the southern edge of che
fallour impacting the Anchorage area within the next two hours.

The Alaska Volcano Obsexvatory is watching che situation closely
and will remain on 24-hour scaffing until futher notice.

PLEASE CONTACT AVO IFP YOU HAVE ANY QUESTIONS OR COMMENTS.

Dr. John C. Eichelberger Dr. Thomas P. Miller
Geophysical Institute 4200 University Drive
University of Alaska U.S. Geological Survey
Fairbanks, AK 99775 Anchorage. AK 99508-4667
(907) 474-5681 (907) 786-7497

{907} §74-5€618 FAX (3071 786-74S0 FAX

Figure 3. Example of update issued by Alaska Volcano Observatory
during the eruption of Mount Spurr volcano on September 17, 1992.

L OF C

To more concisely describe our level of concern about
possible eruptive acrivity ac Me. Spury, the Alaska Volcano
Observatory has developed a color-coded classification
system. The definitions of the various colors have been
modified slighely since the 1989-90 eruprion of Redoubr
Volcano. General descriptions of the type of activity
associated with each of the four color codes are included
below. ‘The various colors indicacing our level of concern
about potential eruptive behavior are as follows:

GREEN : Volcano is in its normal “dormant* states.

YELLOW: VYolcano iB restless.

Seismic activity is elevated. Potential for
ervprive activity is increased. A plume of gas and
steam may rise several thousand feet above the
volcano which may cornitain minor amounts of ash.

ORANGE: Bmall)l ash eruption expected or confirmed.
Plume (s) not likely to riee above 25,000 feeat
above gea level,

Seismic disturbance recorded on local seismic
stations, but not recorded at more distanc
locations.

RED 1 Large ash aeruptions expectsd or confirmad.
Plume likely to rise above 25,000 feet above
sea level.

Strong seismic signal recorded on all local and
commonly on more distant stations.

Figure 4. Alaska Volcano Observatory’s level of concern color code,
as used for the 1992 eruptions of Crater Peak, Mount Spurr, Alas-
ka. This code was distributed to government agencies, the media,
airlines, and the public with the announcement of level Yellow for
Mouat Spurr on June 26, the day prior to the (irst eruption.
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Table 1. Chronology of major events and Alaska Voicano Observatory notifications pestaining to the £992 eruptions of Crater
Peak vent, Mount Spurr, Alaska.

[Comgiled by C.A. Ncal, T. Matiox, |. Ellersieck. and T. Keith: see also Power and others and McNunt and oihers, this volume; Universal Time (UT)
= Alaska daylight time (ADT) + 8 hours, Alaska siandard time (AST) + 9 houcs; * = next day in UT; altitudes are above sea level: PIREP, pilot

repor(. Beginning and end of each eruplien ace jn bald 1ype.)

TIME COLOR EVENT DESCRIPTION OR
DATE Local Universal EVENT CODE NOTIFICATION SUMMARY ISSUED
8/15-30/914 - - -- Seismicity - - Conspicuous swarm of shallow volcano-tectonic earthquakes
beneath Crater Peak accompanied by increased seismicity in
a previously aseismic zone between 10 and 40 km depth.

8/30/91 - -- Update -- First snnouncement of seismic swarm of past (wo weeks af
Mount Spurr; similar 10 swarms in 1982 and 1989: no fusther
notificanions of increased seismicity through end of year.

271192 - - -- Update -- Increased seismicity beneath Mount Spurr voleano.

31392 - - -- Update Began weckly reporting of increased seismicity at Mount
Spurr; noted seismicity had been above background sinoe
mid-August 1991.

6/5/94 -- - - Seismicity -- Highest number of carthquakes per day (28) recorded to date.

6/6/92 -- -- Seismicity -- First smat) tremor bursis detected beneath Crater Peak.

6/8/92 - - - - Update -- Discussion of increased seismicity at Moust Spurr volcano
localized beneath Crater Peak vent. highest seismicity in 10
years; possibility of a corming eruption.

6126/92 10:30 am. 18:30 Update -- increasing number and duration, as long as 10 minutes, of
tremor bursts beneath Crater Peak; two tremor bursis of 154
and 142 minuies, respeciively, on Sune 24 and 25.

12:04 p.sm. 20:04 Seismicity .- Continuous tresnor began.

3:00 p.m. 23:00 Seismicily -- Decision made to announce level of corcem color code
Yellow.

4:30 p.m. 00:30* Update Yeltow Announcement of color code Yellow. Continved increase in
seismicity, appearance of continuous tremor, crater lake
disappeared.

6/27/92 3:00 am. 11:00 Seismicity Yellow Vigorous swarm of volcano-tectonic earthquakes began, and it
included somie long-period earthquakes.

7:04 a.m. 15:04 Eruption Yellow Eruption fremor began; poor weather precluded visual
observatjomis.

T:i6am. 15:16 Calldown Orange Color code Orange announced by catldown.

7:46 am. 15:16 PIREP Orange Eruption ¢otumn rose 10 5,200 m.

7:40 a.m. 15:40 PIREP Orange Plume rose 10 5,600 m.

8:00 a.m. 16:00 Update Orange Color code Orangc announced by the update. Increased
eruption colurn height; potential for ashfall north and
northwest of Mount Spurr.

8:1¢am. 16:10 PIREP Orange Plume sose 1o 8.530 m.

8:22a.m. 16:22 PIREP Orange Plume rose to more than 8,500 m: sirong suifur smelf 25 km
south of Mount Spurr.

8:50 a.m. 16:50 Eruption Orange Seismic station CPX on crater rim destroyed.

9:10 a.m. 17:40 Calldown Red Color code Red announced.

9:10 a.m. 17:10 PIREP Red Plume height rose to more than 9,000 m.

9:15a.m, 17:15 Update Red Announcement of color code Red. Plume height rose to 9,100 m
(from PIREPS.)

9:35 - 17:35- Seismicity Red Tremor amplitude peaked.

10:25 am,

18:25
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Table 1. Chronology of major events and Alaska Volcano Observatory notifications pertaining to the 1992 eruptions of Craier Peak

vent, Mount Spurr, Alaska—Continued.

TIME COLOR EVENT DESCRIPTION OR
DATE Local Universal EVENT CODE NOTIFICATION SUMMARY ISSUED

10:23 a.m, 18:23 Eruption Red Plume height reached maximum of 14,500 m, as determined
from NWS radar.

11:07 a.m.  19:07 Eruption Red Eruption tremor ended; 24 hours of long-peried events
followed

9:00 p.m. 05:00* Update Red Based on morning eruption, as well as character and elevated
tevel of continued seismicity, color code remained at Red.

6/28/92 $:00 am. 17:00 Update Yellow Annocuncement of return to color code Yellow. Seismicity less
than previous day but still efevated.

629192 1:00 p.m. 21:00 Update Yellow Seismicity elevated but it steadify declined.

6/30/92 3:30 p.m. 23:30 Update Yeltow Seismicity clevated but it steadify declined,

M/ 4:00 p.m. 00:00* Update Yeltow Seismicity elevated but it steadily declined. Ash cloud teported
over Yakutat, Juneau, and Sitka on 6/30/92.

77392 3:30 p.m. 23:30 Update Yellow Seismicity elevated but it steadily declined. Two-page summary
of eruplion issued.

11192 4:00 p.m. 00:00* Update Ycllow Continued bigh level of microearthquakes.

718192 3:00 p.m, 23:00 Updatc Green Announcement of downgrade to color code Green,
Microscismicily returned to lowest fevet of the past few
months.

710-814/92 - - -- Updates Green Relurn to weckly update schedule. Continued low-level
seismicily and steam plumes.

8/18/92 337 p.m, 23;37 Seismicity Green Weak tremor and long-period events detected on proximal
Mount Spurr seismic stations (post-eruption analysig).

3:41 p.m. 23:41 Seismicity Green Start of 12-minute period of tremor indicated smatl premonitory
eruption {post-esuption analysis),

3:48 p.rn. 23:48 PIREP Green Ash cloud rose 300 to 600 m above Crater Peak.

4:25 p.m. 00:25* PIREP Green Additionat PIREPs confirmed ash plume.

4:25 p.m. 00:25* Calldown Yetlow Announcement of color code Yellow; still no strong seismicity.

4:42 p.my. 00:42* Eruption Yellow Strong tremor began; NWS radar saw no evidence of

’ eruption.

4:47 p.m. 00:47* Calldown Orange Announcement of color code Orange.

4:55 p.m. 00:55* Eruption Orange Plome reached maximum height of {3,700 m, as determined
from NWS C-band radar.

4:58 p.m. 00:58* Calldown Red Announcement of ¢olor code Red.

4.58 p.m. 00:58> Update Red Announcement of color code Red; PIREPS indicated plume
rose t0 0,700 m: warning issued that winds were toward the
east and that ash could begin faliing on Anchorage within
several hours.

8:10 p.m. 04:10° Eruption Red Tremor ended.

8:20 p.m. 04:20* Eruption Red Ash began falling in Anchorage, lasted about 4 hours,

8:30 p.m. 04:30* PIREP Red Ash-free steam rose 10 about 5,000 m above Crater Peak vent.

9:30 p.m. 05:30% Update Orange Announcement of color code Orange based on decreasing
seisricity,

8/19/92 5:15 am. 13:15 Update Orange Decreasing but still efevated seismicity. Ash fell on the
northern Kenai Peninsula, Hope, and Whittier. Ash begao
fatling about 1:45 a.m. ADT at Valdez and Cordova

8:30 am. 16:30 Updatc Yettow Color code downgraded to Yellow. Update included three-
page summary of the eruption.

11:45 am. 1945 PIREP Yellow Steam plume and minor amounis of ash emitted from vent.
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Table 1. Chronology of major events and Alaska Volcano Observatory notifications pertaining to the 1992 eruptions of Crater
Peak vent, Mount Spurr, Alaska—Continued.

TIME COLOR EVENT DESCRIPTION OR
DATE Locs) Universal EVENT CODE NOTIFICATION SUMMARY ISSUED
5:00 p.m. 01:00¥ Update Yellow Decreasing seismicity; steam plumes end minor amounts of ash
sose above Crater Peak. Update dispelled sumors of a
second eruption that day.

8/20-9/3/92 -- .- Updates Yeliow Issued every several days as necessary to dispel rumors of
eruptions and repost tnvestigations at Mount Sparr; color
code remained at Yeltow; seismictly graduadty dectined but
remained above normal background icvels,

9/4/92 330p.m 23:30 Update Yelfow Increased long-period seismicity at depths of 20 to 40 km
beneath Mount Spurr suggested that magma was again being
replenished within the volcano. Update wamed of possible
eruption within days or weeks; ¢olor code continved at
Yellow.

9711192 2:00 p.m 23:00 Update Yeltow Weekly update reported continued high level of seismicity: no
addrtional seismicity in 20- to 40-km depth range, but
eraption within days to wecks possible.

9/16/92 7:30 p.m. 3:30* Seismicily Yeltow Weak tremor began and was accompanied by an increase in
deep earthquakes.

10:25p.m.  6:25* Seismicity Yellow Tremor amplitude increased.

10:33pm. 6:33* Calldown Red Asnouncement of color code Red.

10:36 p.m.  6:36* Eruption Red Tremor signified an 11-minute prellmlnary eruptive burst.

10:37 pm. 6:37*% PIREP Red Ash column rosc to 4,600 m,

10:4Spm.  6:45* Update Red Annonncement of color code Red: eruption began at 10:36 p.m.
ADT and NWS wind data showed that the ash cloud would
move eastesly with fallout expecled over the Matanuska-
Susitna Valley region and perhaps as far south as
Anchorage.

11:1t pm 711> PIREP Red Glow observed over Crater Peak.

9/17/92 12:03 am.  B8:03 Eruption Red Selsmicity indicated start of main eruption.

12:08 a.m. 8:08 Bruption Red Telemetry lost from seismic station CPK on Crater Peak tim.

12:30 a.m. 8:30 Update Red Plume rose to 10,700 m, reported by PIREPS and NWS radar,
Warning issued that southern edge of plume ¢ould produce
ashfalj on Anchorage.

12:48 am. 8:48 Eruption Red Plume rose (0 12,200 m, as determined from NWS radar.

12:50 a.m. 8:50 Eruption Red Beginning of intense incandescence, as recorded on the slow-
scan television camera at Kasilof and on the video camera
at AVO in Anchorage.

221 a.m. 10:21 Eruption Red Maximum plume height of 13,900 m measured from NWS
radar.

3:39 a.m. 11:39 Eruption Red Tremor ended.

5:45a.m. 13:45 Update Red Eruption ended and seismicity declined aithough memor
continned; NWS rcadar showed no plume at Crater Peak;
ashfalt affected the Matanuska-Sugitna Valley and stayed
north of Anchomge.

4:00 p.m. 00:00* Update Orange Color code downgraded to Orange due to decreased seismicity,
tow-level tremor continued,

9/18/92 3:00 p.m. 23:00 Update Orange Summary of eruption issued: color code remained at Orange
because of low-level wemor.

919/92 4:00 p.m, 00:00* Updaie Orange Sieam plumes rose 3,000 to 6,000 m above Crater Peak:
sejsmicity continued bul dec)ined.

9720192 4:00 p.m. 00:00* Update Orange Elevated seismicity indicated the possibitity of a smalt eruplion

with tittle waming. Therefore, color code remained at
Orange.
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Table 1. Chronology of major events and Alaska Volcano Observatory notifications pertaining to the 1992 eruptions of Crater
Peak vent, Mount Spust, Alaska—Continued.

TIME COLOR EVENT DESCRIPTION OR
DATE Local Universal EVENT CODE NOTIFICATION SUMMARY ISSUED

9/21/92 4:00 p.m. 00:00* Update Orange Elevated seismicity indicated the possibility of a small eruption
with litle warning. Therefore, color code remained at
Orange.

9/22/92 4:00 p.m. 00:00" Update Orange Elevated seismicity indicated the possibility of a small eruption
with little warning. Thevefore, color code remaineg at
Orange.

9123192 4:00 p.m., 00:00* Upgate Osange Elevated seismicity indicated the possibitity of a smali eruption
with little warning. Therefore, color code remained at
Orange.

9/24/92 4:00 p.m. 00:00* Update Yettow Announcement of downgrade to color code Yellow. Tremor
amplitude decreased and time between remor episodes
increased.

9/25/92 4:00 p.m. 00:00* Updote Yellow Continued low-level seismicity.

9/28/92 4.00 p.m. 00:00* Update Yellow Continued low-Jevel seismicity.

9/29/92 4.00 p.m. 00:00¢ Update Yellow Contirued low-tevel seismicity.

9/30/92 4:00 p.m. 00:00* Update Yellow Continued low-level seismicity.

10/1/92 4:00 p.m. 00:00* Update Yellow Continued low-level seismicity.

7:00 p.m. 03:00* Seismicity Yellow Continuous volcanic tremor began.

11:00 p.m. 07:00 Update Yellow Weak, contingous volcapic tremor resumed under Crater Peak;
increased SO, emission; heightened possibility of eruption
doring the next several days.

107292 6:17 p.m. 0247~ Calldown Red Announcement of color code Red based on intense seismicity.

6:30 p.m. 02:30* Update Red Anpouncement of color code Red: intenge seismic tremor at
Crater Peak; tresnor amplitude comparablc to levels
preceding the June 27 and Seplember {7 eruptions; targe
eruption seemeg likely within 24 10 48 hrs.

6:30 p.m. 02:30% Seismicity Red Tremor abruptly cnded.

10/3/92 400 p.m. 00:00* Update Red Irregular tremor signified unrest of the volcano. Eruption could
occur with Jittle or no warning; color code remained at Red.

10/4/92 9:00 a.m. 17:00 Update Red Continued volcanic unrest indicated by banded tremor with
tresmor bursts that fasted | 1o 2 hours.

5:00 p.m. 01:00% Update Yellow Aonnouncement of downgrade to color code Yellow. More
quiet time between tremor perinds; banded tremor. which
often precedes esuption, continued; volcano siill considered
restless.

15092 4:00 p.m. 00:00* Update Yellow Continued banded tremor and an 18-hour period of sustained
tremor.

10/6/92 4:00 p.m. 00:00* Update Yetlow Intermiltent tremor persisted.

10/7-116/92 - - - Updates Yellow Daily weekday reports of continved irregular levels of
seismicity and occasional gas emission, as well as other
observations of the volcano. Caution issued that an eruption
could occur with little warning.

14/2/92 2:00 a.m, 11:00 Seismicity Yellow Rate of shallow volcano-tectonic carthquakes increased.

14/9/92 12:00 m 21:00 Update Orange Announcement of upgrade 10 color code Orange based on
shallow seismic swarm: eruption could occur without
additional waming.

4:00 p.m. 04:00* Update Orange Increased shaltow seismicity,

9:00 p.m. 06:00* Update Orange Number of seismic events was b.5/min for 3.5 hrs; this was the

most energelic seismic swarr of 1992 eruptive period.



10

THE 1992 ERUPTIONS OF CRATER PEAK VENT, MOUNT SPURR, ALASKA

Table 1. Chronology of major events and Alaska Volcano Observatory notifications pertaining to the 1992 eruptions of Crater
Peak vent, Mount Spugr, Ataska—Continued.

DATE

TIME

Local

Unlversal

EVENT

COLOR
CODE

EVENT DESCRYPTION OR
NOTIFICATION SUMMARY ISSUED

11710/92

11711592

14/12/92

IBVARES

12/18/92

12/21/92

12/24/92

12/28/92

£2/31/92

1/4-2726/93

3/5/93

3/12/93~
t/14/94

121194

10:07 p.m.

3:00 p.m.

3:00 p.m.

3:00 p.m.

3:00 p.m

12:00 m.

3:00 p.m.

12:00 m.

2:00 p.m.

07:07*

00:00*

00:00*

21:00

00:00*

Update

Update

Update

Update

Updates

Update

Update

Update

Update

Updates

Update

Updates

Update

Red

Orange

Orunge

Yeltow

Yellow

Yellow

Yellow

Yellow

Yellow

Yellow

Green

Green

Green

Aonouncement of upgrade (o color code Red. Significant
increase in seismicity on all stations; {arge eruption seemed
likely within 24 to 48 hrs.

Color code downgraded 1o Orange. Seismicity decreased
significantly since the buildup of 11/9/92.

Decreased seismicity from the swann of November 9;
continued wngest could result in eruption without additional
warning.

Cotor code downgmded to Yellow based on 2 days of selative
seismic quiescence: however, volcanic unrest continued.

Daity weekday repons of continued Imegular levels of
seismicity and occasional gas ernisston, as well as other
observations of the volcano, siill indicated that an eruption
could occur with little wamning.

Color code would rernain at Yellow until early January
because; (1) continued high level of seismicity, and (2)
eruptions and seismic crises since June eruption occurred at
55-, 30, ard S3-day intervals; and by early January, 60 days
had passed since the seisnalc swarms on November 9-10.

Swarm of small earthquakes accurred at depth of 8 to 12 km
beneath Crater Peak during past S days; continued unrest
indicated that the volcano was still unstabte and eruption
could occur with Jittde waming.

Swarm of small earthquakes of December 20 continved
through December 26, followed by increased shallow 2-
frour periods of tremor-like events beneath Crater Peak on
December 27: seismicity then decreased; volcano still
considered unstable.

Continued low-level seismicity including two earthquakes
beneath Crater Peak and two low-amplitude tremor cpisodes
during the previous 24 hrs. Decision made for color code to
stay at Yellow.

Return to weekly Friday reporting of low-tevel seismicicy,
steam ptumes, and olher observations.

Color code downgraded to Green. Seismicily contipued nt 2
low level for a time period longer than that between the 27
June and 18 August 1992 eruptions (see 12/21/92); possibility
of steam and ash explosions still existed.

Mention of Mount Spurr seismicity and other observations in
weekly updates.

Anrouncement that Jevel of seismicity at Mount Spurr had
retumed to background levels and that specific mention of
Mount Spurr in weekly updates would be discontinued.

of 1992, however, updates stated that the increased
seismicily was not considered precursory to eruption.
The heightened seismicity continued, punctuated with
stronger pulses, including a prominent pulse beneath
Crater Peak in May. In an internal memorandum dated
June 3, 1992, AVO scientists interpreted the seismic-
ity as the result of increasing magmatic pressure at
depth, which caused intrusion into conduits below Cra-
ter Peak and the summit dome complex and minor
movement of caldera faults. The memo urged increased
monitoring, as well as advising government agencies

and the aviation industry to review plans for coping
with an eruption. Both of these recommendatjons were
implemented.

The number of daily locatable VT earthquakes
reached 28 on June 5 and then declined to about 3 to
6 events per day. Volcanic tremor began on June 6,
and an overflight on June 8 revealed upwelling in the
craler lake, which had turned in color from green to
gray. AVO released a special update describing the
situation and stating that there would be an increase
in overflights and in sensitivity of the 24-hour alarm
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system at the AVO Seismology Laboratory in Fairbanks,
along with an added evening shift for AVO person-
nel. As many as 24 shailow tremor bursts per day,
each burst lasting ] to 10 minutes, were recorded at
stations within 10 km of Crater Peak from June 6 to
26 (McNutt and others, this volume). A field party
spent 6 hours in the crater on June 1}, measured a
lake temperature of 50°C and pH of 2.5, and collected
water samples for chemical analysis (Keith and oth-
ers, this volume). The party observed small geysers—
never before seen in the crater—at the base of the
north crater waill, Geysering did not coincide with seis-
mic tremor events.

On June 17, AVO informed ADES of the evolving
situation at Mount Spurr. On June 19, AVO sent briefing
materials to the Governor, noting the “well above normal”
activity and continuing episodes of tremor. The An-
chorage Daily News pubfished a front-page article on
June 21 that described how Mount Spurr was being moni-
tored and what the public might expect from an eruption.

JUNE 27 ERUPTION

Seismic behavior changed ominously on June 24
when a tremor episode lasted 154 minutes, followed
12 hours later by a similar episode that lasted 142
minutes. Eight additional tremor bursts occurred within
the next 8 hours. The weekly update of 10:30 a.m.
Alaska daylight ttme (ADT) on June 26 reported “wetl
above normal” seismic activity but still cauilioned that
an eruption might not be imminent in view of an ab-
sence of long-period (LP) earthquakes. At about the
same time, aerial observations of the crater reveaied
that the lake had almost completely drained and that
several large rocks had impacted the resulting mud
flat. At 12:04 p.m. ADT, tremor that was continuous
and stronger than earlier bursts began. AVO formally
issued a warning of level of cancern color code Yel-
low at 4:30 p.m. ADT and went on 24-hour duty. At
3:00 a.m. ADT on June 27, a swarm of VT earth-
quakes struck at 0- to 2-km depths beneath Crater Peak;
their rate soon increased to about one every 2 min-
utes. Three LP events accompanied this swarm. Tremor
amplitude abruptly doubled at 7:04 a.m. ADT. This
increase in amplitude was later interpreted to repre-
sent the onset of eruption, although weather clouds
prevented visual verification. At 7:16 a.m. ADT, AVO
began an emergency calldown announcing level of con-
cern color code Orange. About the same time, telem-
etry was lost from the seismic station 400 m from
the vent and an Alaska Airlines pilot reported that an
eruption plume had risen 5,000 m above the cloud
cover. AVO announced color code Red at 9:10 a.m.
ADT. Tremor amplitude gradually increased, peaking

between 9:35 a.m. and 10:25 a.m. ADT and register-
ing on stations more than 100 km away. Pilots esti-
mated the plume at mid-morning as high as 9,000 m
and the NWS measured a maximum plume height of
14,500 m with C-band radar (Alaska Volcano Obser-
vatory, 1993; Rose and others, this volume). The te-
phra cloud moved northward and ash began falling
on Denali Natioral Park at 10:30 a.m. ADT. Debris
flows swept southward down narrow drainages and
entered the Chakachatna River in three places. Most
debris followed the course of the 1953 lahar. At about
11:30 a.m. ADT, seismicity decreased abruptly and
the eruption was over. Weather and steam obscured
Crater Peak and the eruption plume track from aerial
observation on the afternoon of June 27, but paths of
the debris flows were visible on the lower flanks of
the volcano (Meyer and Trabani, this volume).

A1 9:00 a.m. ADT on June 28, the level of con-
cern was downgraded to Yellow. Aerial observation
revealed a black northward-broadening swath of te-
phra on snow fields and glaciers. Ash thickness was
about ) to 2 mm at Denals National Park and Manley
Hot Springs, 260 and 420 km north of Crater Peak,
respectively (Neal and others, this volume). This re-
gion is sparsely populated and there were no other
reports of tephra there. The ash cloud continued north-
ward to the Beaufort Sea, then it turned southeast into
Canada and the coterminous United States, where it
became indistinguishable from weather clouds about
July 2.

The level of concern color code was downgraded
to Green on July 8. This was done partly on the basis
of greatly reduced seismicity and SO, emission, but
also on the basis of analogy to the single-eruption
pattern of 1953. The downgrading to color code Green
proved (o be premature.

AUGUST 18 ERUPTION

Foliowing the June eruption, seismicity remained
low through the first half of Avgust. Only one shal-
low and two deep earthquakes were recorded between
August 12 and 17. Because the closest operational seis-
mic station at that time was S km from the vent, sev-
eral attempts were made to reestablish a seismic sta-
tion on the crater rim. These were unsuccessful be-
cause of poor weather conditions. At 3:37 p.m. ADT
on August 18, a 16-minute episode of wesak tremor
and several LP events began, but these rather obscure
events were not identified until post-eruption analy-
sits of the data. At 3:48 p.m. ADT, a pilot reported an
ash-rich plvme. With confirmation of this plume at
4:25 p.m., AVO began a calldown announcing level
of concern color code Yellow. The main eruption be-
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gan at 4:42 p.m. ADT, when strong tremor was re-
corded by all Mount Spurr seismic stations. AVO be-
gan a calldown announcing color code Orange at 4:47
p.m. ADT, but repeated the calldown process 11 min-
utes later 10 raise the color code to Red. By 4:58 p.m.
ADT, a subplinian column had risen through low clouds
to a height of 11,000 m, and it ultimately reached
nearly 14,000 m. From an aircraft only 2.5 km away,
AVO staff observed and videotaped a dark roiling cloud
that was periodically surrounded by lenticular shock
waves. Large bombs were thrown 800 m above the
vent. Small-volume pyroclastic flows of breadcrusted
blocks descended the east and southeast flanks of Crater
Peak; these flows formed coarse, clast-supported lo-
bate deposits with steep-fronted margins. Other flows
mixed with snow and ice high on the cone and be-
came lahars. A late fusillade of mostly lithic ballistic
projectiles, some as large as 1 m, were hurled as far
as 10 km southeastward (Waitt and others, this vol-
ume). More than 170 lightning strikes were detected
by the AVO lJightning detection system (LDS) during
the second half of the eruption (Paskievitch and oth-
ers, this volume). The eruption ended at 8:10 p.m.
ADT.

Upper-level winds moved the eruption plume east-
southeast directly over Anchorage, where it deposited
as much as 3 mm of sand-sized ash (Neal and others,
this volume). A satellite image 44 minutes after the
onset of eruption shows the plume extending 80 km
east from the volcano over an area of 2,000 km2. Three
hours after onset of eruption, the leading edge of the
plume was 300 km sountheast of Mount Spurr, and its
area had grown to 21,000 km2.

Ashfall forced the closing of Anchorage Inter-
natjona) Airport for 20 hours (N.W. Gibson, Anchor-
age International Airport, written commun., 1993). Air
quality alerts were issued in Anchorage during the fall-
out period and also on the following day, as vehicle
traffic stirred up ash again (R.B. Stewart, Office of
Emergency Management, Municipalily of Anchorage,
written commun., 1993). Reworked windblown ash
continued to reduce air quality until the first snow of
autumn, and then it reappeared during the summer of
1993.

SEPTEMBER 16-17 ERUPTION

Following the August cruption, deep seismicity
gradually increased. and by mid-September il had re-
turned to levels comparable to mid-June. AVO teams
visiting the crater on September 7 and 16 noted noth-
ing unusual. At about 7:30 p.m. ADT on September
16, however, discrete seismic events and weak tremor
were detected by the newly reinstalled crater rim sta-

tion. Tremor amplitude increased at 10:25 p.m. ADT,
and at 10:33 p.m. ADT, AVO declared concern color
code Red and began the emergency calldown. An erup-
tion began at 10:36 p.m. ADT that lasted 11 minutes.
Incandescence was recorded on the video camera at
AVO-Anchorage and on the telemetered stow-scan tele-
vision camera at Kasjlof, 120 km southeast of Crater
Peak just south of Kenai on the Kenai Peninsula. Weak
tremor through the next hour foreshadowed the main
phase of eruption, which began at 12:03 a.m. ADT
on September 17. Intermittent bright incandescence
could be seen from Anchorage.

The September 17 eruption lasted 3.6 hours. Py-
roclastic flows swept down the south-southeast and
southeast flanks of Crater Peak and mixed with snow
and ice to become lahars. These flows were similar
in appearance to pyroclastic flows, but they were cool
and water saturated hours after emplacement. Tephra
fallout on the Kidazgeni Glacier generated a debris
flow that temporarily dammed the Chakachatna River.
Once again, a narrow ballistic field extended at least
10 km from the vent along the south margin of the
tephra plume. The eruption closed with a strong swarm
of about 50 VT shocks between S and 10 km in depth,
which may reflect readjustment of the conduit after
magma withdrawal.

The plume moved eastward, dusted the north edge
of Anchorage and deposited about 1.5 mm of ash in
Palmer, Wasilla, and nearby communities in the Mat-
anuska-Susitna Valley north of Anchorage. Very light
ashfall was reported in the town of Glenallen, 350 km
east of Crater Peak.

SEISMIC SWARMS: OCTOBER 2-6,
NOVEMBER 9-10, AND DECEMBER 21-27

The level of seismicjty remained elevated, and
several seismic crises caused concern at AVO. Tremor
between 7:00 p.m. ADT on October | and 6:30 p.m.
ADT on October 2, followed by quasiperiodic tremor
over the next 72 hours, prompted AVO to announce
concern color code Red twice during that period, but
no eruption ensued.

At 10:07 p.m. Alaska standard time (AST) on
November 9, AVO again announced concern color code
Red an hour into an intense seismic swarm that lasted
3.5 hours and contained 170 detected earthquakes.
These earthquakes had mixed frequency contents, oc-
curred within a very restricted volume 1.2 km beneath
the vent, and had magnitudes as large as 1.7. Again,
seismicity receded without eruption. Because the du-
ration of this swarm was similar to each of the three
eruptions and its seismic energy release was the larg-
est of the 1992 ervptive period, the swarm may be



i. CHRONOLOGY AND SUMMARY i3

viewed as a “failed” eruption, in which magma was
rapidly emplaced at shallow depth (Power and oth-
ers, this volume).

A final flurry of earthquakes beneath Crater Peak
on December 21 through 26 was followed by a few
hours of shallow tremor-like activity on December 27.
This time, AVO’s advisories remained at concern cotor
code Yellow.

At the beginning of 1993, Mount Spurr returned
0 a low level of seismic activity: 1 to 10 small earth-
quakes per day at depths of 0 to 40 km and rare peri-
ods of possible weak tremor. This background seis-
mic “noise” fluctvated daily and seasonally {G. Tytgat
and others, unpub. data). Some shallow seismic events
were correlated with observed landslides, rockfalls,
glactal melt runouts, and even airplanes flying over
the volcano. Some seismicity may be attributed to post-
eruptive readjustments of the magmatic and hydrother-
mal systems, and some remains unexplained. On March
5. 1993, after a time period greater than the seismic
guiescence between the June 27 and August 18, 1992,
eruptions had passed uneventfully, AVO lowered the
level of concern color code to Green.

" Vigorous whitle steam plumes caused false re-
ports of eruption several times during 1993. However,
volcanic gas (8O, and CO,) emissions remained at or
below the limit of detectability (fess than 1,000 tonnes
per day CO,, less than about 4 tonnes/day SO, Doukas
and Gerlach, this volume). New concern arose on June
29, 1993, when tremor-like seismicity appeared on
records from several of the Crater Peak seismic sta-
tions. A field party was fortuitously present near Crater
Peak and observed the source to be an ouiburst ftood
from Kidazgeni Glacier on the southeast slope of Mount
Spurr (Nye and others, this volume),

During and following the 1992 eruptions, field
investigations were carried oul to map and sample the
eruption products. Work in the vent area of the crater
was precluded through the summer of 1993 for safety
reasons. This was a lesson drawn fcom the sudden
explosions at Galeras Volcano, Columbia, and Guagua
Pichincha Volcano, Ecuador, in early 1993, that re-
sulted in the deaths of eight volcanologists, and the
September 1992 eruption of Crater Peak, which (ol-
lowed a period of seismic quiescence and occursed
Just hours after an AVO team had Jeft the vent,

GENERAL CHARACTERISTICS OF
THE ERUPTIONS

The June, August, and September 1992 eruptions
produced 44, 52, and 56 million m3 of tephra (12,
14, and 15 million m3 dense rock equivalent or DRE),
respectively. In each case, juvenile tephra clasts ranged

from proximal breadcrusted borubs to distal ash in a
narrowly defined band of fallout extending downwind
(Gardner and others, 1993; Neal and others, this vol-
ume). The vent migrated about 50 m westward from
June to August to September, and so in September it
was nestled against the west-northwest crater wall.
Near-field ejecta from each eruption were, therefore,
directed progressively mose strongly to the east-south-
east. Otherwise, vent geometry changed remarkably
little. Distribution of pyroclastic flow deposits, bal-
listic showers, and {ahars shows that al} flanks of a
volcanic cone are hazardous during subplinian activ-
ity (Miller and others, this volume; Waitt, this vol-
ume).

The eruptions were strongly magmatic in char-
acter. The dominant juvenile component of 1992 ejecta
is dense 1o scoriaceous dark gray andesite (57 weight
percert Si0, bulk composition) with a more silicic
{60-62 weight percent Si0,) microlite-rich matrix of
brown glass (Harbin and others, this volume; Nye and
others, this volume; Swanson and others, this volume).
A subordinate volume of bulk-chemically identical
andesite is more crystal-rich and contains clear ma-
trix glass of rhyolitic composition (73-75 weight per-
cent Si0,). Trace amounts of rhyolite pumice with
sparse plagioclase and quartz phenocrysts were also
erupted. Pyroclastic flows of August and September
contained large partially melted and greatly inflated
felsic metamorphic xenoliths (Miller and others, this
volume). The estimated total volume of magma for
the three Crater Peak eruptions of 41 million m3 DRE
is markedly smaller than the estimated 200 million
m3 DRE (Gardner and others, 1994) released in some
20 significant eruptive events during the 1989-90 Re-
doubt activity.

ANALYSIS OF RESPONSE

AVO’s response plan went into effect as soon
as unrest was recognized at Mount Spurr in August
of 1991, and it continued through post-eruptive read-
justment to inactive status. For alerting a community
to an imminent volcanic dangec, Mount Spurr provided
a favorable situation. Its Holocene deposits had been
mapped and some 40 tephra layers from its 5,000-
year-old Crater Peak vent had been identified (Richle,
1985; Nye and Turner, 1990); these deposiis place it
among the more prolific volcanoes in the eastern Aleu-
tian Arc. Moreover, it had erupted during historical
time (Juehle and Coulter, 1955; Wilcox, 1959). In ret-
rospect, the singularity of the 1953 eruption proved
misleading for what was to come, but it did provide
a useful example of Mount Spurr’s behavior. Because
of the relatively well documented record of activity,
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Mount Spurr had already been instrumented and moni-
tored for over a decade when it reawakened. This
lengthy period of monitored quiescence allowed the
August 1991 seismicity to be accurately interpreted
as anomalous. Mount Spurr’s reawakening was gradual,
and thus it permitted plans to be made and warnings
to be given in a timely fashion. It was not so fast
that AVO was caught off guard, nor so slow that the
warnings of a future eruption could be dismissed. Care
must be taken when turning observations of increas-
ing seismicity into an appropriate warning, because
not all cases of increasing seismicity, even if caused
by rising magma, Jead to eruption. Often, magma can
solidify in the conduit without venting (Newhall and
Dzurisin, 1988), as may have occurred during the seis-
mic swarms of May, October, November, and Decem-
ber of 1992 (table 1). In retrospect, informing a com-
munity about the possibility of an eruption a month
in advance, and issuing a serious warning a day in
advance, is a useful time frame. Eruption warnings
of October and November that were not fulfilled were
considered by the public to be proper caution rather
than mistaken judgment, coming as they did latec in
the episode.

Although seismic monitoring was the primary tool
in AVO'’s response, geologic insight was necessary both
for informed warnings of what was to come and for
the original decision to monitor the seismic activity
of Mount Spurr. A broad host of observationrs and tech-
niques was used to evaluate the volcano’s condition.

INTERPRETATION OF SEISMICITY

Following the establishment of AVO, seismic sta-
tons were added to the existing Mount Spurr network,
making a total of 10 stations within 15 km of the
summit (McNutt and others, this volume; Power and
others, this volume). Seismicity that began in August
1991 eventually defined an active conduit without,
unlike Redoubt Volcano, a hint of a volumetrically
large storage zone. That elevated seismicity occurred
throurghout the volcaaic massif indicates that stresses
induced by magma intrusion and perhaps even mag-
matic vapor affected the entire Mount Spurr system.
Helicorders, continuous digital data, event-triggered
data, real-time seismic amplitude measurements (RSAM;
Endo and Murray, 1991) and seismic spectral ampli-
tude measurements (SSAM) were atl used for analy-
sis of the seismic information (McNutt and others,
this volume).

Three types of shallow seismicity indicative of
magma movement were identified: (1) tremor bursts that
lasted 1 to 10 minutes, (2) continuous tremor lasting 2
hours to several days, and (3) eruption ¢remor (McNutt
and others, this volume). Fourteen hours of continu-

ous tremor and 4 hours of shallow VT earthquakes
preceded the June eruption. However, this seismic pat-
tern that made forecast of the June eruption possible
was not repeated in subsequent events. Only 3 hours
of increased seismicity preceded the September erup-
tion; accordingly, the warning from AVO was issued
just minutes ahead of the onset of eruptive activity
and an hour and a half before the main pulse. Unfor-
tunately, no detectable seismic activity foreshadowed
the August eruption. Had it been possible to replace
the near-vent seismic station destroyed during the June
eruption, shallow precursory tremor bursts might have
been recorded. However, the absence of the near-vent
station does not explain the lack of locatable VT earth-
quakes before that eruption. Presumably, the stron-
gest precursory signals were generated at the outset
of the eruptive episode because rising magma and gases
were reopening a cold, plugged conduit.

EVIDENCE FROM HYDROTHERMAL
ACTIVITY AND GAS EMISSION

The sense of urgency engendered by May and June
seismicity was heightened by observations of the small
crater lake that had existed since the 1953 eruption.
Days prior to the first eruption, lake water changed from
blue-green to gray, became turbid with areas of up-
welling, and finally evaporated or drained (Keith and
others, this volume). A single pair of measurements,
one during dormancy and the other in June, revealed a
two-orders-of~magnitude increase in SO4/CI in the lake.

The increase in SO4/C] may relate to the failure
of airborne SO, emission measurements to detect the
rise of magma (Doukas and Gerlach, this volume).
Airborne measurements were begun when anomalous
seismicity was first detected. Not until the June erup-
tion did the flux of SO, from the vent increase sig-
nificantly, and SO, concentrations returned to low val-
ues 2 days later. SO, flux was also tow prior to and
foliowing the August and September eruptions. Yet,
the National Aeronautical and Space Administration’s
(NASA) Total Ozone Mapping Spectrometer (TOMS)
indicated 200x60, 230170, and 400£120 kt of SO,
emitted during the June, August, and September erup-
tions, respectively. It is likely that SO, released dur-
ing pre-eruptive intrusion was being scrubbed and the
resulting H,S and sulfate dissolved in the hydrother-
mal system. Doukas and Gerlach (this volume) and
Bluth and others (this volume) conclude from inde-
pendent techniques that a significant amount of H,S
was emitted during the 1992 eruptions. Airborne CO,
measurements made following the September eruption
did detect substantial magmatic outgassing, which sug-
gests that monitoring of this less water-soluble gas
might have provided a more diagnostic tool than moni-
toring of SO, (Doukas and Gerlach, this volume),
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VISUAL OBSERVATION OF ERUPTIONS

Visual observations, when they can be obtained,
are the most direct means of assessing eruptive activ-
ity. AVO’s remote, slow-scan, continuously recording
television camera at Kasilof on the Kenai Peninsula
was turned to view Crater Peak, 120 km away, on
May 6, 1992; it provided real-time views for AVO
staff in both Anchorage and Fairbanks. In addition, a
video camera was set up on the roof of AVO in An-
chorage and wired into the operations room. Both cam-
eras recorded the incandescence at the crater rim during
the September 16—t7 eruption (Neal and others, this
volume). When weather permitted, the information from
these cameras was critical in responding to false erup-
tion alarms.

Especially helpful to AVO were the pilot reports
(PIREPS) of visual observations passed on by FAA
and NWS. For example, although seismicity indicated
that the June eruption was immineat, the ash cloud
was reported by a PIREP before seismic verification
could be made and while clouds prevented ground-
based visual observations of the volcano. A PIREP
revealed the August eruption, because there was no
precursory seismicity. PIREPs also provided a valu-
able record of eruption column height as a function
of time.

DETECTION OF VOLCANIC LIGHTNING

Once volcanic activity has been detected seis-
mically or visually, the most important task is to es-
tablish whether ash is being emitted. This can be dif-
ficult, given weather and light conditions in Alaska.
AVO has established a lightning detection system (LDS)
for the Cook Inlet region; this system is based on
observations that lightning is commonly associated with
vigorous, ash-laden eruptive columns at volcanoes
throughout the world (Hoblist, 1994; Paskievitch and
others, this volume). Detected lightning might there-
fore indicate signiftcant ash emission. During the Crater
Peak eruptions, this technique proved only partially
successful. A ring of lightning 10 km in diameter, cen-
tered 5 km east of the vent, was detected during the
August eruption, but LDS did not detect tightning dur-
ing the June and September eruptions. That lightning
accompanied the June and September eruptions is in-
dicated by interruptions in signals from seismic sta-
tions {(Davis and McNutt, 1993).

RADAR OBSERVATION OF ERUPTIVE
COLUMNS

One technique for detection of eruptive columns
is C-band radar. An experiment conducted in coop-
eration with NWS by Rose and others (this volume)

at Kenal provided a f{irst test with excellent results.
Radar imaged the Crater Peak eruption columns re-
gardless of weather, and it also allowed estimates of
colurnn height and mass flux to be made. A limita-
tion of radar observation is that only coarser particles
are reflective, and so neither the top of the eruptive
column, nor the cloud tens of minutes after cessation
of eruption, can be seen.

PROJECTION OF PLUME PATHS

During the 1980 eruptions of Mount St. Helens,
graphic -plots of wind direction and velocity at sev-
eral altitudes, used with permission of NWS, proved
usefut in determining the path of eruption plumes
(Miller and others, 1981). Their usefulness was dem-
onstrated again at Mount Spurr, particularly in calcu-
lating the time for the eruption cloud of August i8 to
reach Anchorage. In addition, it was immediately obvious
that the June 27 eruption cloud would drift north to-
ward sparsely populated areas and would not affect
Anchorage. Winds for the September 18 eruption were
flowing northeastward from the vent. A warning of
possible ashfall was given to Anchorage, although the
model correctly showed the ash-laden winds passing
just north of the city. The model correctly predicted
that ash would fall mainly on the Matanuska-Susitna
Valley. Also important in tracking ash were calls from
citizens informing AVO of aghfall Jocations and thick-
nesses.

TRACKING OF PLUMES BY SATELLITE

The hazards of volcanic ash emitted during erup-
tions extend well beyond local communities. For the
first several days, a cloud from an explosive eruption
is dangerous to high-flying jets (Casadevall, 1992;
Casadevall and Kroha, this volume). During the Mount
Spurr eruptions, advanced very high resolution radi-
ometry (AVHRR) data were processed using a new
high-resolution picture transmission (HRPT) informa-
tion processing system (HIPS) at NWS for real-time
tracking of volcanic clouds (Schneider and others, this
volume). The August and September eruption clouds
were followed for more than 80 hours and thousands
of kilometers (Schneider and others, this volume). Fur-
ther development of this technique may make it pos-
sible 1o determine particle-size distribution and par-
ticle density in volcanic clouds, so the severity of baz-
ard they pose can be more quantitatively evaluated.

TOMS satellite images were likewise used to track
the eruption clouds for as many as 7 days after for-
mation (Bluth and others, this volume). Sulfar diox-
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ide content of clouds from the August and September
eruptions increased during their first 2 days, probably
by atinospheric oxidation of H,S. At feast half the
400£120 kt of SO, emitted by the three eruptions
reached the lower stratosphere.

DISSEMINATION OF INFORMATION

AVO’s use of updates, level of concern color code,
calldown lists, and direct personal communications
worked effectively to notify civi} authorities and the
general public of expected eruptions and resulting haz-
ards from Mount Spurr. Intensive media coverage, based
on interviews with AVO personnel by both Jocal and
national radio and television and the local newspa-
per, added to AVO’s outreach.

AVO’s color code is central to rapid communi-
cation of the level of hazard to concerned constituen-
cies, particularly the aviation industry. As indicated
in figure 4, increasing jevels of concern convey both
increasing likelihood of eruption and increasing po-
tential or actual size of eruption. No simple one-di-
mensional scale can adequately describe an impend-
ing or ongoing event. Yet, simplicity of communica-
tion is essential during an emergency. Ia practice, use
of the code is tempered by awareness of the conse-
quences that communrication of the concern will cause.
During the 1992 Crater Peak eruptions, color was used
primarily to indicate likelihood of eruption. Red meant
that an eruption was imminent or ongoing; Red was
used because all events were major ones with erup-
tive columns that reached flight levels and produced
regional tephra falls.

Two occasions show the kinds of decisions that
must be made in applying the code and that include
factors beyond the simple criteria in the code. The
volcano’s behavior arguably fell within the condition
“restless” beginning in August of 1991. However, un-
certainty as to the significance of the early seismic-
ity, and knowledge that premature use of warning colors
would entail unnecessary fueling and routing costs for
the airlines, led to deferral of use of color code Yel-
low. A more literally based interpretation of the code
was used on August 18, 1992, when AVO downgraded
the concern level from Red to Orange at the end of
the eruption, but 3 hours before ash stopped falling
on Anchorage. The color code was not meant to ad-
dress conditions away from the volcano, so the down-
grading probably did not seem an adequate portrayal
of the situation to citizens of Anchorage who were
just beginning to be affected by the eruption. Never-

theless, the AVO decision was appropriate to signal
to the airlines and others that voluminous ash pro-
duction at the vent had ceased and the end of ashfall
in Anchorage could be predicted.

ECONOMIC EFFECTS OF THE 1992
ERUPTIONS

Economic losses from the Crater Peak eruptions
were mainly effects of ashfall at Anchorage Interna-
tional Airport and associated disruption of air traffic
from the August 18 eruption. Significant losses also
included cleanup costs for the Municipality of An-
chorage, adjacent military bases, and towns in the
Matanuska-Susitna Valley. The cost of cleanup from
the August 18, 1992, ashfall for Anchorage Interna-
tional Airport, Merrill Field, and Elmendorf Air Force
Base, including cleaning buildings, runways, and air-
craft on the ground, was at least $683,000 (Anchor-
age International Airport, unpub. report, 1993). Rev-
enue lost from the closure of Anchorage Internationat
Airport for 20 hours is estimated at $276,000 (Cas-
adevall and Krohn, this volume). The Municipality of
Anchorage reported nearly $2 million in damage, of-
fice closures, and cleanup costs from the August erup-
tion (Municipality of Anchorage, unpub. report, 1993).
in addition, there were numesous, small-scale losses
incurred by businesses and citizens from the ini-
tial ashfall and reworked volcanic ash that affected
equipment such as vehicie engines, building air-circu-
lation systems, and computers in banks, businesses,
and local military instailations. Economic impacts of
ashfail on the vpper Kenaj Peninsula, Cordova, and the
Matanuska-Susitna Valley have not been cvaloated.
AVO received calls from these areas folfowing all three
eruptions reporting school closures, poor road condi-
tions, and heafth concerns. No foss of life resulted di-
rectly from the eruptions. Two heart attacks, one fatal,
from shoveling ashfall were reported in Anchorage.

In contrast to the estimate of $160 million in
losses from the 1989-90 Redoubt eruptions (Tuck and
Huskey, 1992). tota) Josses from Crater Peak erup-
tions are informally estimated to be from $5 to 8 mil-
lion. This large difference arises from at jeast two
causes. First, there were more eruplive pulses and
greater eruptive volume in the Redoubt episode. Sec-
ond, Redoubt losses were dominated by damage sus-
tained by five jets (Casadevall, 1994). Damage to one
of these aireraft nearly resuited in a catastrophe. The
Crater Peak eruptions casried the same potential for
disaster. However, increased awareness of the ash-cloud
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hazard within the aviation community and emplace-
ment of an effective warning system by AVO, in con-
cert with other agencies, resulted in minimal economic
loss to air carriers.

VOLCANOLOGICAL IMPLICATIONS
OF THE 1992 ERUPTIONS

The 1992 eruptions of the Crater Peak vent of
Mount Spurr provide interesting insights into eastern
Aleutian volcanism as well as andesitic volcanism in
general. Some salient points are described below:

1. Less silicic magma composition does not nec-
cssarily mean less explosive eruptions. Silicic volca-
nism is often equated with explosive eruptions, and
it is tempting to think of more mafic eruptions as more
likely to produce lava flows. The Crater Peak erup-
tions were distinctly more mafic than those of either
Redoubt or Augustine. Yet, these eruptions were en-
tirely explosive, whereas a significant proportion of
recent Redoubt and Augustine activity has been effu-
sive. A rationale often applied to the case of effusive
mafic eruptions is that in more fluid magma gas bubbles

“escape more readily and thus preclude signrificaat
buildup of pressure. However, a fluid magma can also
ascend more rapidly thas a viscous one. Rapid as-
cension of magma would prevent release of vapor from
magma in the subsurface prior to eruption (Jaupart
and Allegre, 1991) and could explain the explosive-
ness of the Crater Peak eruptions (Eichelberger, 1995).

2. Each of the three eruptions was remarkably
similar in style and volume (Gardner and others, 1993,
Neal and others, this volume). Quiet periods between
events were of similac duration. The simplest inter-
pretation is that the erupted magma was stored in the
same way prior to each eruption. Storage at the same
depth would lead to the same initial volatile condi-
tions. One might envisage a conduit that gradually
filled to the same volume prior to each event, emp-
tied in each event, and was not physically altered during
each event. In such a view, cessation of the complete
eruptive episode represents decline in source region
overpressure (Tait and others, 1989), and cessation of
an individual eruption represents exhaustion of con-
duit-stored magma. Storage in a conduit extending to
the base of the seismogenic zone at 40 km (Power
and others, this volume) would require a conduit ra-
dius of 10 m.

3. Like Redoubt, there is evident heterogencity
in melt composition in the system (Nye and others,
this volume; Swanson and others, 1994), but unlike

Redoubt, there is little heterogeneity in bulk compo-
sition (Nye and others, this volume; Nye and others,
1994). This phase heterogeneity and bulk homogene-
ity probably represents the existence of magmatic do-
mains that had similac origins but different pressure/
temperature histories, and that have not interacted
chemically with the mid- to upper-crust (despite the
presence of abundant melted felsic xenoliths), nor ling-
ered and fractionated there. Again unlike Redoubt, melt
heterogeneity increases with time through the episode
(Harbin and others, this volume). Perhaps this differ-
ence relates to the clearly different styles of magma
storage beneath the two valcanoes, but that relation
is not clear.

4. Despite the similarities of eruptive events
within the 1992 episode, the character of associated
setsmicity varied greatly (Power and others, this vol-
ume; McNutt and others, this volume). There was seis-
micity preceding and following eruption, seismic quies-
cence preceding and following eruption, and seismicity
without eruption. Because much of the seismicity de-
fines a near-vertical line from the active vent to 40 km
in depth, there seems little doubt that the seismicity
is associated with flow of magma. It must be con-
cluded, however, that Mount Spurr’s magma can also
move aseismically, and that significant shallow seismically
detected movement of magma can occur without erup-
tion. There is a misror symmetry to the pattern, that
is seismicity occurred without eruption at the begin-
ning and end of the episode and aseismic eruption
occurred in the middle. This pattern is perhaps con-
sistent with thermal waxing and waning of the shal-
tow system. When the system was hotlest, less seismogenic
brittle fracturing or interaction between magma and
hydrothermal fluids occurred. This symmetry, how-
ever, is not complete in terms of distribution and type
of seismicity, and much early seismicity occurred far
from plausible sites of intrusion. The pattern is com-
plex. Apparently, multiple processes associated with
the rise of magma generated the seismicity.

5. Although the most recent prior eruption was
a good guide to the style of the 1892 events, its sin-
gularity was nat. Past activity should be interpreted
cautiously, especially when the data set 1s limited.

Intespretation of available data for the Mount
Spurr volcanic system suggests the rapid migration
of relatively ftuid, volatile-rich magma through a nar-
row, deeply tooted conduit. Useful lessons have been
drawn in terms of eruption prediction. For example,
the importance of even weak (remor in presaging erup-
tion and the variability of the relation between seis-
micity and impending eruption. However, much re-



18 THE (992 ERUPTIONS OF CRATER PEAK VENT, MOUNT SPURR, ALASKA

mains to be learned about underlying processes. The
origin of seismicity accompanying magma flow is not
clearly understood, nor are the mechanisms by which
new magma reopens an existing conduit. Whereas pet-
rologic inferences can be drawn about equilibrium con-
ditions of magma storage, the chemical and physical
changes that accompany magma rise and produce the
targe variations in eruptive behavior are poorly known.
A hope for the fulure is that geophysical and geo-
logic insights from active systems such as those gained
fram the Crater Peak eruptions will provide the basis
for a better understanding of magma’s ascent to the
surface. Such understanding could lead to better pre-
dictive capability—that is, to predict whether magma
wil} merely intrude or will erupt, and to predict whether
eruptions are likely to be explosive or effusive.
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ABSTRACT

Repeated aircraft hazards in Alaska related to
voleanic clouds have resulted in the use of a mobile
C-band radar devoted to volcanic-cioud monitoring.
The radar is located at Kenai, in range of several vol-
canoes in the Cook Inlet area. Three significant erup-
tions from the Crater Peak vent of Mount Spurr vol-
cano (about 80 km from Kenai) in 1992 provided the
first tests of the radar. The system constructs maps
of the eruption columns and the drifting ash clouds
for short periods (as long as 30 minutes) after erup-
tion. The radar gives direct information about active
eruptions in any weather conditions and allows esti-
mates of the altitude of the column, which are useful
for three-dimensional trajectory models of ash-cloud
transport. It also allows an estimate of the eruption
rate based on the ash-column height. However, such
estimates may be lower than the true values because
the very top of the eruption column, which may not
contain coarse ash, may not be detected by the radar.

We conclude that the radar detects mainly ash
particles, sized from about 1 millimeter to a few cen-
timeters on the basis of three sources—the brief du-
ration of the reflected radar signal, data from inde-
pendent ground observations on the mass and size of
particles which fell out of the reflected cloud, and
the intensity of the reflected signal. The most intense
reflections come from ash clouds with particles that
range from 2 to 20 mm in diameter and with a total
particle mass concentration of less than .01 to 1 g/m3.

The data are useful for constructing models of
ash columns and deposition of coarse tephra, Radars
are not -useful for long-term volcanic cloud tracking
because the large ash particles, that provide for strong
radar signals fall out soon after an eruption. The ra-
dar does not detect smaller («1-100 pm in diameter)
ash particles in drifting volcanic clouds that can per-
sist in the atmosphere for several days or more.

INTRODUCTION

Since 1986, three volcanoes (Augustine, Redoubt,
and Mount Spurr) have erupted in the Cook Inlet area
of Alaska {fig. 1). Each of the eruptions has had a
considerable ympact on commercial aviation in south-
central Alaska, particularly in Anchorage. Consequently,
the National Weather Service (NWS) has significantly
improved its capability of measuring and tracking ash
clouds, in order to advise the aviation community about
how to avoid ash clouds, which can be hazardous 1o
jet aircraft. This report summarizes and interprets ra-
dar observations of ash clouds, made in real time during
the 1992 Crater Peak eruptions, by a leased WR100-
2 EEC meteorological C-band radar operated at Kenai,
Alaska, opposite the volcanoes (fig. 1).

The radar was instalied just prior to the 1992
activity. Three eruptions of the Crater Peak of Mount
Spurr voicano in 1992 provided a first, robust test of
the radar. The results provide data that are useful for
real-time ash-cloud tracking and for forecasting cloud
movement. Communication between the NWS office,
the U.S. Geological Survey (USGS), and the Federal
Aviation Administration (FAA) at Anchorage provides
for the exchange of data and for timely and effective
dissemination of eruption information to the public.

The data collected are also of volcanological in-
terest. The usefulness of weather radar systems at ac-
tive volcanoes was demonstrated at Mount St. Helens
(Harris and others 1981; Harris and Rose, 1983). The
heights of ash columns, which were measured during
the eruptions, were used to calculate the eruption rate
of ash. The radar system also mapped the extent of
the most reflective parts of the ash cloud as it moved
across Washington State.

19
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THE 1992 CRATER PEAK ERUPTIONS

A summary of data on the three Crater Peak erup-
tions of 1992 is given in table 1. The events were
similar in many respects. They each lasted 3 to 4 hours
and were marked by andesitic ash eruptions, which

produced roughly similar volumes of new ash (Neal
and others, this volume). Each eruption resuilted in
narrow fallout blankets, which stretched for many ki-
tometers from the volcano, and clouds that were much
farger than those produced by the 1986 eruptions of
Augustine Volcano (Holasek and Rose, 1991) and the
1989-90 eruptions at Redoubt Volcano (Schneider and
Rose, 1994).

DESCRIPTION OF THE RADAR SYSTEM

The Kenai radar is remotely operated by meteo-
rologists stationed in the NWS farecast office in An-
chorage, who communicate with the radar via modem.
The main data displays are the range-height indicator
(RHI), and the plan-position indicator (PPI). The RHI
display is a vertical cross section of a reflecting cloud
with a range and height scale (fig. 2). The PPI dis-
play is a horizonta] cross section .of the volcanic ash
cloud on a scaled map background of Cook Inlet (fig.
2). The characteristics of the radar used are given in
table 2. The radar’s operation and performance were
described in more detail by Serafin (1990).
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Table 1. Data on 1992 Crater Peak eruptions, Mount Spurr volcano, Alaska.

[ADT, Alaska daylight time: AVO, Alaska Volcano Observatory; NWS, Nationa) Weather Service: *, data
unavailable; Sources of AVO data were Steve McNuur, Game McGimsey, Christina Neal, and Thomas Miller (oral
commun.. 1993). Anchorage Inlernational Airport closed at 6:10 p.mu. ADT on 8/18/921

62792 871852 5N752
AVO Observations
Eruption staft, ADT - —wammeeeoemecmvannns 07:04 am. 4:42 p.m. 12:03 2.m.
Bruption end, ADT --——seemmosammmnioone e (1:07 a.m. £:10 p.m. 339am.
Volume of ash (x 108 m3) cmeiramiemns 12 14 15
NWS Radar Observations
Ercuplion start, ADT * 4 12:10 a.m.
Eruption end, ADT * 6:13 p.m. 3:08 am.
Minimum volurve of ash (x 106 m>) —. * * 16
Maximum colurnn height, km -+~---—---— 145 13.7 13.9
Time of maxinwm height, ADT ----2=a-2-< 10:23 a.m. 4:55 p.m. 221 am.
Anchorage International Alrport Information
Service from airport - —-—m-am-—-—-—— - open closed open
Alrcraft rerouted yes yes yes

Table 2. Specifications of WR 100-22 EEC meteorological C-band radar

used at Kenai, Alaska.

Parameter Specification for tbe Kenal Radar

. Primary power 1135 volts, 60 cycle, single phasc

Wavelength - Sem

Peak power 250 Kw

Pulse length ------ 2 microseconds

Pulse regetition frequency  -----—---va—e- 256 Hestz

Magnatron type TIS6 A

Radio frequency =-—--sssmssmmmrmommannonas 5500 to S600 Megahertz

Antenna beam width -———veem-comercaa— 1.6 degrees

Receiver minimum detectable signal ----- -106 dBm (mirimum)

Receiver fF 30 Megahertz

{F bandwidth -—-aressscem e meeeeeees fog 2 Megahert2

Receiver dynamic range «------——----n-v-

78 dB sninimum

The reflectivity of the voleanic clouds is mea-
sured by comparing them to a standard equivalent
reflectivity expressed in dBZ, which stands for decibels
relative to a rain target with a reflectivity factor of |
mm®/m3, for example, dBZ = 10 log)g (Z/1 mmé/m3);
this allows inclusion of the natural range of meteoro-
logical precipitation clouds, within values of about 1
to mare than 50 (Rinehart, 1991; Sauvageot, 1992).
By choosing a range of dBZ values, contours of equal
reflectivity are displayed on both the RHI and PPI
images. Particle size and concentration may then be
estimated from the measured reflectivities.

USE OF RADAR FOR MEASUREMENTS
OF ERUPTING COLUMN HEIGHT

When operated in the RHI (range-height indica-
tor) mode and pointed directly toward the volcano (azi-

muth of 328 in the case of Spurr), the radar can de-
tect the top of the erupting cotumn (fig. 3). Repeated
measurements during the 3-hour eruption of Septem-
ber 16-17, 1992, give a record of the dynamics of
the eruption of Crater Peak. The height measurements
can be converted to eruption rates by (he inversion of
the Morion Equation (Morton and others, 1956; Wil-
sor and others, 1978). Ignoring the effects of entrained
atmospheric water vapor, we can then calculate the
finat height of a buoyant plume, given a constant erup-
tion rate, to give an estimate of intensity of eruption
with time (fig. 3). In simplified form, the Moston equa-
tion is H = 236.6 Q!4. H is the height of the erupt-
ing column in meters, and Q is the eruption rate in
kilograms/sec. The constant, 236.6, includes an em-
pirical constant in the correct dimensional form.

This measure of intensity compares well with
the raw seismic signal measured during eruption, based
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Figure 3. Plots of eruption cloud maximam hetght versus time for the Sep-
tember 17, 1992, Spurr eruption as measured by C-band radar from Kenai.
RHI recordings, with azimuths of 328°-332° (toward Crater Peak from Kenai),
were used. A beam width correction was applied. Eruption rate versus time
for the eruption is also plotted, derived from the raday height data and appli-
cation of the Morton equation. RSAM seismic results from AVO (S. McNutt,
oral commun., 1993), which are also measures of eruption intensity, are piot-
ted for comparison. RSAM is a |-minute average of seismic amplitudes from
station BGL, 10 km from Crater Peak vent of Mount Spurr,

on real-time seismic amplitude measurement (RSAM)
(Murray and Endo, 1992; fig. 3). The apparent erup-
tion rate, estimated by the Morton equation and ra-
dar, can be integrated over the duration to get an es-
timate of the volume of ash emitted. The result is
about 16 x 106 m3, which is almost the same as the
amount estimated from ash fallout (15 x 106 m3). How-
ever, the radar coujd underestimate the column height
because larger particles do not rise as high as smalier,
less reflective ones (Carey and Sparks, 1986).

In sammary, the radar offers a method of mea-
suring the height of the eruption column, which is
important for trajectory models of ash cloud move-
ments. The systematic measurement of heights of the
column is a way to monitor the eruption intensity and
also gives a minimum estimate of mass of ash erupted.

SIZE OF ASH PARTICLES DETECTED
BY RADAR

The intensity of radar reflections is described
by the Probert-Jones equation (Probert-fones, 1962),
which can be expressed in simplified form as P, = R
K2 Z/R2. P, is the radar echo power received, and R,
is a radar constant containing the wavelength rela-
tions specific to the radar (peak power, antenna gain,
beam width, and pulse length). R is the range of the

target. K2 is a refractive index factor, and Z is the
target reflectivity facior, which is proportional to the
product of the number densily of reflecting particles
and their radii, raised to the sixth power. Because the
radar echoes are so strongly dependent on the size of
the particles (16 in the small dipole or Rayleigh ap-
proximation), the return signal detected by the radar
is dominated by larger ash particles suspended in the
cloud.

We observed that the radar system detected ash
clouds only near the volcano and within about one
half hour or less of actual eruption. The drifting cloud
remains highly reflective to radar for a distance of
only about 15 to 25 km from the volcano (fig. 2),
which at the rate of winds measured, represents a trans-
port time of about 15 to 30 minutes. We used data
from figure 4 (Lapple, 1974) to estimate the size of
ash particles that would fall to the ground in less than
one half hour from heights of 14.2 km (47,000 feet)
or less—time and height constrained by the Crater Peak
radar observations. Os the basis of these estimates,
spherical particles with diameters of 1,000 microns
(1 mm) or more would have terminal velocities (600
cm/sec) that would cause them to fafl out within a
half hour from 14.2 km. Because of the particles’ ex-
remely size-sensitive reflectivities and the rapid dis-
appearance of the clouds from the radar, we think that
the radar reflections we measured were caused by par-
ticles with diameters of 1,000 microns (] mm) or larger.
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Figure 4. Terminal gravitational settling velocities of varjous size spheres
with a density of 2.0 g/cm? in dry aimosphere at 25°C and § atm (Lap-

ple, 1974).

A cross section of the cloud that was aboutl 7
km downwind from the crater is shown in figure 3,
and this cloud section shows very strong reflections
(30 dBZ). A radar reflection is caused by the summa-
tion of all of the particles multiplied by their jndi-
vidual reflectivities. Consequently, a large number of
small particles can have a reflectivity equal to a smali
number of large ones. Therefore, other data are nec-
essary to determine the characteristics of the cloud.

In this case, we have excellent additional data:
the time it takes for the radar image to disappear and
the size and mass of the particles that fell out of the
section imaged. These radar reflections cannot be pro-
duced from very large ash particles (greater than 3
cm), because their higher terminal velocities would
cause them to fall out before drifting 7 km. On the
basis of prevailing winds at appropriate altitudes (about
50-60 knots or 80-96 km/hr) at the time, we esti-
mate that the cloud 7 km downwind is about § min-
utes old. Spheres with a density of 2 g/cm3, which
were larger than about 3 cm, would be completely
removed from a 14-km-high cloud within 5 minutes.
We should expect that ash particles, which are not
spherical, will have greater atmospheric drag and, there-
fore, slower terminal velocities, but particles with di-
ameters much larger than a few centimeters are not fikely
to be present in the cloud section shown in figure 2,

We compared the data on radar reflectivity of
volcanjc ash (Harris and Rose, 1983; Rose and Ko-
stinski, 1994) to see what combinations of particle
mass and size could explain the observed intensity of

radar reflecsion. The theoretical reflectivity results,
calculated for identical, spherical particles with a vol-
canic ash refractive index factor (K2) of 0.3, which
is about one-third that of liquid water (0.93), are shown
in figure 5. The maximum reflection. seen in the drift-
ing cloud 7 km downwind (30 dBZ), corresponds to
more than 100 g/m3 of ash particles with a radius of
0.25 mm, 20 g/m3 of ash particles with a radius of
0.5 mm, 0.7 g/m3 of ash with a radius of 1 mm, or
fess than 0.01 g/m3 with a radius of 4 mm. Because
the radar reflection shown in figure 2 is thousands of
meters high, a particle-mass concentration of 20 g/m3
implies a fallout thickress of much more than 1.5 m.
Consequently, the mass concentrations of 20 g/m3 or
higher are impossible because the observed fallout data
are inconsistent with them.

The isopach maps of fallout on September 17,
1992, show that the thickness 7 km down the dis-
persal axis is about 10 cm, and the grain size is mainly
between t and 30 mm (R.G. McGimsey, oral commun.,
1993). This data, along with our observation that the
radar signal disappeared after 30 minuates, implies that
most of the particles which reflected the radar signal
were 2 to 20 mm in diameter and the particle con-
centrations of the reflecting cloud ranged from less
than 0.01 to about 1 g/m3 (shown by the shaded area
of fig. 5). In comparison, Harris and Rose (1983) es-
timated that the pasticle-mass concentrations for the
Mount St. Helens eruption clouds of May 18, 1980,
and March 19, 1982, were 3 g/m? and 0.2 g/m3 re-
spectively, similar to the Crater Peak estimates.
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Figure 5. Relation between radar reflection returned (measured in decibels
relative to a rain target of dBZ), the total mass of ash particles per
unit volume (measured in grams per cubic meter), the number of par-
ticles per cubic mecter, and the radius of the particles in mm. This
figure is based on idealized assumptions: single size for particles, per-
fect spherical shape of all particles, and a refractive index factor which
is about one-third of that for water droplets. Cross-hatched portion
probabty most closely approximates conditions in the 1992 eruption
clouds from Crater Peak of Mount Spurr, which were detected by the
C-band radar. This approximation is based on the duration of radar
reflection and observed size of fallout.

OPTIMAL USE OF RADAR SYSTEMS
DURING AN ERUPTION

Aircraft traveling at high speeds must get simely
warning of ash clouds. During eruptions, radar mea-
surements of ash can be directly communicated from
the NWS to the Anchorage Air Route Traffic Control
Center (ARTCC) so that aircraft in immediate danger
can be diverted and decisions on possible airspace clo-
sures cap be made.

Because the returns of the radar signal come
mainly from large (1-30 mm) ash particles, the radar
measurements can only be made during and immedi-
ately following actual eruptions. At the beginning of
the eruption, the radar in the RH]I mode makes initial
detection and height measurements.

During the September {16-17, 1992, eruption of
Crater Peak vent, the radar was able to verify the Alaska
Voleano Observatory's (AVO) seismic indications of
activity at Crater Peak within a few minutes. The erup-
tion began at 10:36 a.m. ADT on September 16, and
the initjal activity lasted 16 minutes. At 12:03 am.
ADT on September 17, AVO called NWS alerting them
that an eruption was likely in progress. At 12:10 a.m.
ADT, the Kenai radar verified a volcanic ash cloud
above Mount Spurr. Later that morning, at just after
3:00 a.m. ADT, AVO called NWS with a notification

that the eruption had ended. During the call from AVO,
the volcano was scanned, and the ash cloud observed
by the radar was detached from the volcano. Within
20 minutes, the radar could detect no ash cloud.

Radar detection is valuable in many ways. Ra-
dar-based detectjon is especially important during con-
ditions of poor visibility, when other types of obser-
vations are difficult, Radar height measurements of
the ash cloud are inputs to the production of a three-
dimensional ash dispersion tracking model, which the
NWS is implementing to forecast volcanic cloud po-
sitions. In cooperation with AVO, the NWS works with
the Alaska Division of Emergency Services (o iden-
tify those areas of the state that will most likely be
affected by ash fallout.

A new generation WSR-88D radar system was
installed in 1994 at Kenai, Alaska. The WSR-88D is
a modern S band (I = 10-11 cm), doppler radar, which
could provide some advantages for volcanic cloud
mapping, including information on radial velocities
in and around the ash cloud.

CONCLUSIONS

The 5-cm radar operated from Kenai was suc-
cessfully used to map ash clouds from Crater Peak
about 80 km away. The radar signal is dominated by
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ash particles targer than about 1,000 microns in di-
ameter. We were able to use ground measurements of
the sizes and masses of fallout particles that fell from
the ash cloud as well as the dynamics of fallout con-
strained by the duration of the radar reflection to tell
us that the largest radar reflections were mainly caused
by ash particles that were between 2 and 20 mm in
diameter.

Radar can also be used to measure the height of
the ash cloud, but it may underestimate the height
because it does not respond to smaller ash particles,
which rise higher. C-band radar does not detect distal
parts of the ash cloud, which have an atmospheric
residence time longer than 30 miautes, because the
larger more reflective ash particles drop out.

The Kenai radar is the first type of remote sen-
sor to actually view ash clouds. Its all weather capa-
bility fills the data gaps of satellite data as well as
other observational methods and the real-time use of
a radar provides an excellent way to corroborate the
seismic indications of actual eruptions. Radar provides
vital, immediate warning and information to the aviation
community.

The radar system offers, for the first time, the
opportunity of mapping internal structure of dense
proximal ash pfumes during eruptions. This capabil-
ity can supply data to volcanologists who are inter-
ested in modeling eruption columns (Wilson and oth-
ers 1978; Carey and Sparks, 1986; Bursik and others,
1992). Because of the radar’s sensitivity to larger par-
ticles, such a system would be particularly valuable
in testing models for the fallout of larger particles,
such as the one developed by Bursik and others (1992).
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ABSTRACT

The 1992 Crater Peak vent eruptions of Mount
Spurr provided a robust test of the new High Resolu-
tion Picture Transmission {(HRPT) Information Pro-
cessing System (HIPS), which was installed in An-
chorage for real-time tracking of volcanic ciouds. One
principle objective of the tracking system is to avoid
aviation hazards. The system receives Advanced Very
High Resolution Radiometer (AVHRR) images from
polar-orbiting satellites and processes them using a
two-channel technique. The resulting processed im-
agery reflects the extensive real-time capability now
available. The frequency of data coliection (about once
every few hours) allows for an understanding of the
patterns of change in spectral response that occur during
the evolution of a volcanic cloud. Volcanic clouds im-
aged during and shortly after eruption are optically
thick and can contain abundant water droplets and (or)
ice, and these characteristics cause their spectral sig-
nal to closely resemble a meteorological cloud. As
the volcanic cloud disperses, the spectral properties
of the cloud change, first at the edge and then through-
out. These changes produce a volcanic cloud signal
that can be distinguished by using a brightness tem-
perature difference determined from thermal bands 4
and 5 of the AVHRR. The usefulness of this tech-
nique of tracking clouds for long distances was in-
vestigated using archived data. Two clouds were tracked
for more than 80 hours and thousands of kilometers,
during which the band 4 minus 5 brighiness tempera-

ture signal decayed. These clouds traveled southward
over the continental United States and posed a poten-
tial hazard to aircraft. To alleviate this potential haz-
ard, the measurable brightness temperature difference
signal needs to be correlated with ash concentration
and particle size to determine when drifting volcanic
clouds are a threat to aircraft.

INTRODUCTION

Since 1986, three volcanoes (Augustine Voleano,
Redoubt Volcano, and Mount Spurr) have erupted in
the Cook Inlet area of Alaska. Each of these erup-
tions has had a significant impact on commercial avia-
tion at Anchorage. The National Weather Service has
greatly improved its capability to measure and track
ash clouds in order to better advise the aviation com-
muni{y about the location of hazardous ash clouds.
Two significant improvements, which were made fol-
towing the Redoubt activity in 1989-90, were the in-
stallation of a High Resolution Picture Transmission
(HRPT) Information Processing System (HIPS) work-
station for rapid digital-image processing of Advanced
Very High Resolution Radiometer (AVHRR) data from
polar-orbiting weather satellites, and the leasing of a
meteorological C-band radar. Weather satellite data have
been used by many investigators to observe ash clouds
(Hanstrum and Watson, 1983; Matson, 1984, Sawada,
1987; Prata, 1989; Holasek and Rose, 1991; Schneider
and Rose, 1994) but uatil now, real-time analysis of
processed images has been diffjcult.

The AVHRR data complement the radar obser-
vations because the radar can map clouds near the
volcano, within minutes of eruption (Rose and oth-
ers, this volume), while the AVHRR can track the
clouds for up to several days. Three eruptions of the
Crater Peak vent of Mount Spurr provided a real-time
test of the equipment’s ability to detect and map sig-
nificant ash ctouds. The results obtained with the new
HIPS workstation equipment, and the results obtained
on the long-range tracking of the cloud over North
America using archived AVHRR data are described
herein.

27
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TWO-CHANNEL AVHRR DETECTION
OF VOLCANIC CLOUDS

AVHRR satellite data are received from the
NOAA 11 and 12 polar-orbiting satellites at the Na-
tional Weather Service Forecast Offices in Anchorage,
Alaska, through the HIPS system and is linked to me-
teorologist workstations in forecast offices of the Alaska
Region Operations Network, Full passes (4.4-km reso-
lution) over active volcanoes are available as soon as
10 minutes after pass completion, with subsectars (1.1-
km resolution) available within 40 minutes. All five
spectral bands, from visible to thermal infrared, are
received (band 1: 0.58-0.68 um; band 2: 0.73-1.10
pm; band 3: 3.55-3.93 um; band 4: 10.3-11.3 pm;
and band 5: 11.5-12.5 yum). Satellite coverage extends
from the western edge of the Kamchatka Peninsula
1o east of British Columbia; this coverage encompasses
four major air routes near the volcanoes of Alaska
and Kamchatka. Because of orbital irreguiarities and
the movement of volcanic clouds, coverage frequency
is variable and gaps as long as 8 hours can occur.

We used band 4 minus band 5 brightness tem-
perature difference images o detect volcanic clouds,
and to distinguish them from meteorotogical clouds.
Thermal data from bands 4 and 5 were converted from
raw seasosr counts to radiance, using the technique of
Lauritson and others (1988). A slight nonlinearity in
bands 4 and 5 was corrected using a quadratic func-
tion of radiance. The radiance values were converted
into brightness temperature values, using the inverse
Planck function, and band 4 minus 5 brightness tem-
perature images were created. Volcanic clouds are
known to have negative band 4 minus 5 brightness
temperature differences (Prata, 1989; Schneider and
Rose, 1994), whereas meteorological clouds generally

have positive brightness temperature differences (Ya-
manouchi and others, 1987). For volcanic clouds, the
magnitude of the negative brightness temperature dif-
ference depends on many characteristics. These char-
acteristics include the optical thickness of the cloud;
amounts of water, volcanic ash, and sulfuric acid ¢n
the cloud; mean size and size distribution of particles
in the cloud; and temperature contrast between the
cloud and the underlying surface (meteorological
clouds, land, or water) (Prata, 1989; Wen and Rose,
1994).

The volcanic cloud signal detected by the bright-
ness temperature difference method has well-defined
edges, which allow us to define the area of the cloud.
Cross sections through volcanic clouds show a clearly
defined edge at a brightness temperature difference
value of -0.5°C (fig. 1). The ability to detect cloud
edges is important in reducing aircraft hazards, be-
cause it is a snapshot of cloud position that can be
quickly reported. It also serves as a periodic check
on the trajectory models for the ash cloud.

Table 1. List of AVHRR images vsed for this study show-
ing date and time of satellite coverage, hours since start of
eruption, and satellite used.

Time (UT) Hours since start of Satellite
eruption
August 19, 1992
01:26 1.5 NOAA-i1
03:38 36 NOAA-}
05:10 52 NOAA-12
13:38 {36 NOAA-1I
17:20 17.3 NOAA-12
18:57 18.9 NOAA-12
23:30 23.1 NOAA-1]
August 20, 1992
13:23 31.4 NOAA-LI
23:15 473 NOAA-t 1
August 21, 1992
23:00 71.0 NOAA-11
August 22, 1992
11:2} 83.4 NOAA-1)
September 17, 1992
12:40 3.7 NOAA-1!}
17:00 8.0 NOAA-(I
22:44 13.7 NOAA-SI
September 18, 1992
11:00 26.0 NOAA-]|
20:45 35.7 NOAA-11
September 19, 1992
09:00 49.0 NOAA-f}
18:53 579 . NOAA-1]
September 20, 1992
07.00 70.0 NOAA-I1
17:04 80.1 NOAA-LI
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OBSERVATIONS OF THE CRATER
PEAK VOLCANIC CLOUDS

Eleven images of the volcanic cloud resulling
from the Auvgust 18, 1992, eruption of Crater Peak
and nine images of the volcanic cloud from the Sep-
tember 16-17, 1992, eruption were analyzed for this
study (table 1). The evolution of the volcanic cloud
signal can be seen in figure 2, a series ol images col-

lected by the HIPS system of the August 18 volcanic
cloud. The earliest image, collected about 90 minutes
after the start of the eruption (fig. 24), shows a cold,
circular volcanic cloud in band 4 and high thermal
contrast belween the volcanic cloud and the lower,
warmer meteorological clouds. The band 4 minus band
5 brightness temperature difference algorithm does not
work well on this image (fig. 28). The sccond image
in this series was collected 2 hours later and shows a
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Figure 1. Cross sections through a band 4 minus band § image that compare brightness lemperature
difference of a volcanic cloud to those of metecorological clouds. Interior voleanic cloud shown has
negative band 4 minus band 5 brightness temperature differences as large as -14°C, whereas meteorological
clouds, land. and open water generally have brightness temperature differences grealer than zero.

Dotted line at -0.5°C shown for reference.



Figure 2. Continued. £, AVHRR band 4 image at 9:10 p.m. ADT (August 19, 05:10 UT). F, Corresponding band 4 minus band 5 brightness
temperature image at 9:10 p.m. ADT (August 19, 05:10 UT). G, AVHRR band 4 image at 5:38 a.m. ADT on August 19 (13:38 UT). H,
Corresponding band 4 minus band § brightness temperature image at 5:38 a.m. ADT on August 19 (13:38 UT).
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a given region is then obtained by muliiplying the
column amounts by their ground surface areas. Em-
pirical corrections are used to offset the linear effects
that variations in ozone and surface reflectance can
impart on the SO, calculations. Eruption cloud ton-
nages are estimated from measurements of the SO,
cloud compared to background measurements. Back-
ground data are taken adjacent to the SO, cloud to
minimize latitudinal (such as, solar zenith angle and
climatological variations) differences, and they are also
taken in identica! scan positions to avoid scan bias
(such as, changes in instrument resolution from nadir
to scan-cdge positions).

The typical TOMS detection limit of a fresh, tight-
ly constrained eruption cloud is roughly 5 to 10 kilo-
tons (kt) SO,. Older, more dispersed clouds are diffi-
cult to discern because of low signal-to-noise ratios.
Uncertainties arising from background variations and
theoretical limitations of the SO, algorithm cambine
to give a typical total error of approximately 30 per-
cent in cloud tonnage, as calculated by Krueger and
others (1990). The location of Mount Spurr in the north-
ern latitudes makes TOMS data collected there more
difficult to analyze owing to high solar zenith angles
(the longer path lengths increase background noise),
but it is afso advantagcous in that more observations
arc possible because of orbit overlap.
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JUNE 27 ERUPTION

This first violent eruption of Mount Spurr be-
gan at 7:04 a.m. Alaskan daylight time (ADT = UT -
8 hours), and it lasted over 4 hours (Power and oth-
ers, 1992). A composite image of TOMS observations
is shown in figure I. The first TOMS overpass oc-
curred 10:49 a.m. ADT, and it caught the SO, emis-
sion in progress. A second view of the erupting cloud
was obtained in the subsequent, overlapping orbit, at
approximately 12:23 p.m. ADT. The gas cloud was
observed injtially drifting northward and its movement
was consistent with a 10-km altitude, as determined
from wind data from the National Meteorological Cen-
ter (NMC). By the next day the cloud was elongated
and had begun to drift to the east and southeast. By

June 29 the cloud became further elongated; it stretched
{rom Point Barrow, Alaska, to Edmonton, Atberta, in
Canada. However, on June 30 the cloud unexpectedly
ceased its southeastward drift, and it rotated about
10° clockwise from i1s position on the previons day.
The SO, cloud became more difficult to discern from
background, but observations over the next 3 days in-
dicated that the cloud continued its slow clockwise
rotation. From NMC data, the shearing action on the
29 and 30 and subsequent cloud motions of the cloud
suggested that the upper portion of the SO, cloud had
reached altitudes of around |2 km. The last recogniz-
able view of the cloud was obtained July 3 when it
was oriented along 140°W longitude and stretched from
Dawson in the Yukon province to the Guif of Alaska.

AUGUST 18 ERUPTION

The Crater Peak vent of Mount Spurr erupted
again at 4:42 p.m. ADT on August 18 for approxi-
mately 3.5 hours (McGimsey and Dorava, 1992). The
SO, cloud emitted from this eruption drifted south-
east, and it was observed by the TOMS instrument at
10:51 a.m, ADT on August 18 as 2 discrete mass over
the Guif of Alaska (fig. 2). By the next day the cloud
had begun to spread and show cvidence of shearing
on both southern and northeastern fronts. On the Au-
gust 21 TOMS image, the SO, cloud consisted of a
main portion located off the coast of Oregon, and an
elongated section that extended over 3,000 km (o the
east over Lake Winnipeg, Canada. The western edge
of the cloud could not be delineated because of TOMS
data losses during that particular overpass (for com-
parison with the extent of the ash component of the
cloud on this day, see Schneider and others, this vol-
ume). By August 22, the elongated eastern section had
separated from the main cloud mass, and it was bare-
ly detectable rear Hudson Bay. NMC data suggest that
this part of the cloud had been sheared away by winds
at an approximaiely [4-km altitude. The main cloud
was located over Oregon and showed an eastward drift
that indicated an altitude of about 12 km. On subse-
quent days this main cloud mass elongated and fol-
lowed a tortuous route along the jet stream northeast
over Hudson Bay, south of Greenland, then across the
Atlantic. The last remnant of the cloud visible to TOMS
was observed over England on August 26.

SEPTEMBER 16-17 ERUPTION

At 12:03 a.m. ADT (September 17), the third
major eruption of Mount Spurr began, and it also Jasted
for approximately 3.5 hours (Alaska Volcano Obser-
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Figure 2. 50, cloud progression from the August 18, 1992, eruption of Crater Peak vent of Mount Spurr in Alaska. Approximate overpass times, in ADT: August }9:
10:51 a.m.; August 30: 11:07 a.m.; August 21: 9:41 am,; Augest 22; 9:57 a.m. This cloud was tracked for several more days as it crossed the Atlantic and reached
England on August 26. Mount Spurr location is shown by a fitled triangle.
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vatory, 1993). The SO, cloud drifted eastward inio
Canada, then southward over the United States al a
remarkable rate; it reached North Dakota (nearly 3,700
km away) approximately 34 hours after the eruption
began (fig. 3), The cloud remained fairly compact dur-
ing this time, and its behavior was consistent with
NMC wind patterns over a range from 12 to 16 km.
NMC data located the SO, cloud on a high-pressure
ridge during the first 2 days after the eruption. How-
ever, by the following day the cloud was drawn into
a region of high vertical shear, the steep wind gradi-
ent between high- and low- pressure systems over the
Great Lakes area on the 19th. Accordingly, in the Sep-
tember 19 image the cloud changed drastically; it
formed a 2,000-km-long arc from Detroit to northern
Quebec. The extent of shearing observed was consis-
tent with the SO, cloud extending from 12 to 16 km
in altitade. The following day’s image showed the
shearing had abated, but the ctoud continued its north-
easterly drift over the Labrador Sea. The last day the
SO, cloud could be discerned was on September 2!
as a small mass off the east coast of Greenland.

DISCUSSION

Relations of cloud tonnage and area as a func-
tion of time can be useful in monitoring the physical
and chemical processes that affect an erupted SO,
cloud. The amount of TOMS-observed SO, generally
decreases because of both chemical conversion of SO,
to H,80, and physical dissipation of SO, at cloud
margins to below the TOMS detection limits. The
(chemical) decay rate of SO, gas can ideally be de-
scribed by an exponential decay function, with an e/2
or e-folding time. For large eruption clouds emplaced
in the stratosphere, in which chemical processes dom-
inate physical effects, the TOMS measurements can
be used to derive an e-folding time for the cloud (for
example, approximately 35 days for the 1991 Mount
Pinatubo SO, cloud; Bluth and others, 1992). How-
ever, the dispersion rate of SO, is altitude dependent;
it is typically more persistent if emplaced in the rela-
tively drier, less turbulent, and less reactive strato-
sphere rather than in the troposphere. Sulfur dioxide
dispersion is also dependent on cloud size and shape;
the larger the surface area to mass ratio, the greater
the effects of disstpation and chemical reaction at cloud
boundaries.

Because TOMS observes volcanic SO, clouds for
only a short period of their total lifetimes in the at-
mosphere, the clouds’ dispersion rates within this time
can be approximated by a linear daily decrease. Em-
pirically, SO, clouds emplaced in the stratosphere gen-
erally decrease in mass by about 10 percent per day

(Doiron apd others, 199(; Bluth and others, 1992),
whereas tropospheric clouds can decrease by up to
50 percent per day (Bluth and others, 1994). In con-
trast, cloud area typically increases for the first few
days, reflecting expansion of the gas cloud. As dis-
persion processes become more prevalent, the areal
extent of SO, observable by TOMS then decreases
owing to chemical conversion and physical dissipa-
tion. Rapjd changes in area and (or) SO; amount gen-
erally indicate that the clouds have undergone physi-
cal changes as a result of wind shear and other tur-
bulence. The daily tonnages and areal extents of the
SO, clouds for the three Crater Peak eruptions are
shown-as a function of time in figure 4.

The eruption of June 26 was in progress when
initially observed by TOMS, and the first two SO,
and area values in figure 4A show that the eruption
cloud was stilt developing. Two more observations were
made on June 27, but the second orbit missed ap-
proximately 5 to 10 areal percent of the cloud’s lead-
ing edge. as reflected by the small drop in SO, amounts
determined from one orbit to the next. Both the SO,
mass and area of the June cloud decreased at fairly
conslant rates; these decreases, along with the NMC
wind data and relatively minor amount of observed
drift, suggest that the local meteorologica) conditions
were fairly stable at that time.

Both the August and September eruption clouds
showed marked variations in area as they underwent
fairly drastic changes as a result of wind shear (figs.
4B and 4C). But the most remarkable pattern observed
for these two eruptions is in the daily SO, tounages.
After both eruptions, measured SO, increased from
the first to second day, followed by gradual cloud dis-
persion. In contrast to the June eruption, both erup-
tiop clouds were observed after complete separation
from the volcano—accordingly, there was no possi-
bility that the increase could have occurred from ad-
ditional outgassing after the TOMS overpass. Nor was
there evidence of severe physical disturbance during
this time.

We can offer several reasons why measured SO,
may have increased in the clouds. First, the data vari-
ation falls within ouvr stated accuracy of cloud ton-
nage estimations (*30 percent; however, we do not
belteve the pattern is an artifact of the uncertainty in
TOMS data or analysis. When analyzing cloud ton-
nages on successive days, the relative precision of the
TOMS on these daily measurements of an SO, cloud
is approximately 10 percent. Thus, the SO, increases
observed for these eruption clouds are probably well
above uncertainty levels.

Second, the SO, retrieval on the first day may
have been incomplete because of interference from
co-erupted ash. Data from the Advanced Very High
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Figure 3. Composite image of the September 16-17, 1992, S0, cloud, observed for 5 days after the eruption of Crater Peak vent of Mount Spurr in Alaska.
Approximate overpass times for each cloud observation, in ADT: September 17: 10:47 a.m.; September 18: 9:16 a.m.; September 19: 6:07 a.m.; September 20: 4:45

a.m.; and September 21: 3:20 a.m. Mount Spurr location is shown by a filled triangle.
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Figure 4. Comparisons of cloud sulfur dioxide mass (open circles) and
area (filled circles) as a function of time after 1992 eruptions of Crater
Peak vent of Mount Spurr in Alaska. A, June 27 eruption.
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Resolution Radiometer (AVHRR; Schnerder and oth-
ers, this volume) show that the geographic positions
and dimensions of the ash clouds were remarkably
similar to the gas clouds. Because of the coincidence
of the two, ultraviolet (UV) light scattering by the
ash may have partially masked detection of SO,. How-
ever, TOMS reflectivity data (taken at two wavelengths
where ozone and SO, are nonabsorbing) showed no
evidence of UV attenuation from ash particles, The
fact that only the first TOMS observations were af-
fected, 18 hours (August) and 12 hours (September)
after eruption, may also provide some constraints based
on the fallout rates of the tephra. For instance, the
slow fallout rate of micron-sized particles in the cloud
(Rose, 1993) suggests that their effect on TOMS mea-
surements should have lasted for weeks., rather than
only a single day. One of the keys to understanding
the effect of ash on SO, detection is determining the
UV absorption by the variously sized particles in the
cloud.

A third possibility is that significant amounts of
H,S gas were emitted, zlong with sulfur dioxide, from
the Crater Peak eruptions. Doukas and Gerlach (this
volume) report on evidence and a possible mechanism
for H,S emissions from the volcano, and Graedel (1977)
calculated that H,S in the atmosphere, derived from
oxidation reactions, has a lifetime of approximately
1 day. If significant quantities of H,S were emitted,
the oxidation of this species to SO, subsequent to the
first day could explain the tonnage increases. The
amount of H,S required to produce the SO, pattern
observed in the TOMS data is roughly 7S kt H,S for
the August eruption (a 3:1 SO,~H,S ratio), and 25 kt
H,S for the September eruption (a 6:1 SO,-H,S ratio).

This pattern of SO, signals from an eruption cloud
was observed previously in the TOMS data after the
eruption of Mount St. Helens in 1980. The TOMS SO,

data for this eruption showed an increase of about 10
percent from the first to the second day of observa-
tion, then decreasing tonnage measurements on the
following days (unpub. data), On May 18, only hours
after the major eruption, Hobbs and others (1981) sam-
pled the eruption cloud and reported high concentra-
tions of H,S. However, we do not have enough data
to make definitive conclusions regarding TOMS de-
tection of H,S gas emissions from either the Mount
St. Helens or the Crater Peak eruptions.

The characteristics of the three eruptions of Mount
Spurr are summarized in table . The emitted SO, is
calculated from the TOMS data, assuming a linear daily
loss of SO,. Data from each day were used untif cloud
losses through shearing were evident. A best-fit line
was determined using 7 days after the June eruption,
days 2 through 4 for each of the August and Septem-
ber eruptions, and projected back to the approximate
end point of the eruption.

The August eruption was calculated from the
TOMS data to have produced the greatest amount of
SO,, at 400+120 kt. The September eruption produced
230+70 kt, and the June eruption emitted 200360 kt
SO,. There was no apparent correlation of gas pro-
duction with tephra emission that the Alaskan Volca-
no Observatory estimated for the June, August, and
September eruptions. These estimates were 12, 14, and
15 million m3, respectively (W. Rose, oral commun,,
1693).

The Mount Spurr SO, tonnage data correspond-
ed to a 20 10 30 percent daily loss of SO, for each of
the three eruptions; this loss suggests the clouds were
injected at middle altitudes between purely stratospheric
and purely tropospheric layers. At the latitudes of Alas-
ka and southern Canada, the summertime tropopause
height fluctuates but is generally around 12 km alti-
tude. The maximum injection altitudes of the June,

Table 1. Obsesvations of SO, clouds produced by the 1992 eruptions of Crater Peak vent, Mount Spurr, Alaska,

TOMS data
Days Maximum Estimated SOpcloud Maxash  Emitted
Eruption observed areal extent SOpemitted  altitude! altitude?  tephra3
June 27 7 480,000km2 200160kt 10-12km 14.5km 12 x106 m3
August 18 8 510,000 400 120 12-14 13.7 14
September 16-17 5 340,000 230+70 12-16 13.9 15

1Calculated from NMC wind data and actual cloud positions from TOMS data

2Rose and others (this volume)

3Alaska Volcano Observatory (1993)
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August, and September ash clouds ranged from 13.7
to 14.5 km (table 1, modified from Rose and others,
this volume). Each of these eruptions should there-
fore have reached the lower stratosphere; however,
comparisons of daily wind data to actual cloud posi-
tions indicate the SO, clouds are most accurately con-
sidered to extend several kilometers vertically. The
June SO, cloud corresponded to the lowest altitude
(10-12 km) on the basjs of its drift speed and direc-
tions, and most of this cloud probably remained in
the troposphere. In contrast, most of the September
cloud (ranging from 12-16 km by our calculations)
was in the lower stratosphere. A large part of the Au-
gust cloud (12-}14 km) also appears to have reached
the stratosphere. From the available data we there-
fore estimate that at least half of the SO, emitted by
the three Crater Peak eruptions was emplaced in the
stratosphere.

SUMMARY

During the summer of 1992, Mount Spurr end-
ed a 39-year period of quiescence and emitted large
clouds of gas and ash during three separate eruptions
within a 3-month period. The TOMS data suggcst that
the August 18 eruption was the largest of the three
with 400120 kt SO, emitted, followed by the Sep-
tember 16-17 (230170 kt) and June 27 eruptions
(200160 kt). Data for the August and September erup-
tions suggest that either co-emitted ash affected the
TOMS measurements, or that significant quantities of
H,S (25-75 ki), in addition to SO,, may have been
explosively outgassed by these two eruptions. How-
ever, TOMS does not measure H,S, and thus we can
only, at this lime, infer this possibility from SO, data.
Based on the maximum injection altitudes of the ash
clouds, matching of ash and gas cloud positions to
known wind conditions, and the dispersion rates of
the gas clouds, the explosive eruptions of Crater Peak
vent of Mount Spurr injected at least 50 percent of
their SO, into the lower stratosphere.
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ABSTRACT

Sulfur dioxide scrubbing by liquid water masked
SO, emissions from shallow magma during the 1992
eruptions of Crater Peak and effectively prevented ob-
servation of SO, emissions from shallow magma both
before and after explosive eruptions and seismic cri-
ses. Airborne ultraviolet correlation spectrometer (CO-
SPEC) measurements from July 22, 199], to Septem-
ber 24, 1992, indicate only background to minor (<100
t/d) noneruptive SO, emissions from Crater Peak, even
though this period inciuded the onset of precursory
seismicity beneath Crater Peak (August 1991), the peak-
ing in frequency of volcano-tectonic earthquakes and
the initiation of volcanic tremor bursts (June 5, 1992),
and three explosive eruptions that produced SO, emis-
sions of 200 to 400 kilotons (kt). The low, nonrexplo-
sive SO, emissions are explained by hydrolysis of SO,
to aqueous H,S and sulfate from interactions with liquid
water: 4H,0(1) + 480,(aq) —~ H,S(aq) + 3H*(aq) +
3HSO, (aq). Sulfur dioxide hydrolysis also explains
the increase in the sulfate content of Crater Peak lake
water prior to the first eruption, the strong H,S odor
during periods of background to low SO, emisston,
the TOMS evidence for significant H,S emissions dur-
ing the explosive eruptions, and the observed decline
of SO, during periods of volcanic tremor. Abundant,
local sources of melt water and a high permeability
for the Mount Spurr volcanic edifice are probably the

chief factors responsible for masking SO, emissions
by scrubbing, and possibly for quenching shallow in-
trusions that were ascending. Large SO, emissions
unencumbered by scrubbing were only possible dur-
ing the three explosive eruptions when magma pen-
etrated through liquid water zones under Crater Peak
and reached the surface. Nonexplosive SO, emissions
of as much as 750 t/d were possible, however, for a
brief period when dry pathways to the surface existed
from September 25 untit about October 10, 1992. Air-
borne infrared spectrometer (MIRAN) measurements
of CO, emissions indicate that in addition to the de-
gassing of magma through dry pathways, degassing
through boiling water with the loss of SO, by scrub-
bing was also important during that time. The CO,
emission data indicate that magma degassing was taking
place, and CO,/SO, values calculated from MIRAN
and COSPEC data are in the range 10 to 100, which
supports the hypothesis of SO, loss by scrubbing. Be-
cause of its strong preference for the vapor phase during
boiling, CO, emissions from degassing magma are less
likely to be masked by the presence of water, whereas
SO, emissions may be lost totally from interactions
with water; thus misleading COSPEC results are ob-
tained. We recommend prompt and early monitoring
of CO, wher Cook Infet volcanoes become restless.

INTRODUCTION

The USGS Volcano Hazards Program supports
airborne ultraviolet correlation spectrometer (COSPEC)
and infrared spectrometer (MIRAN) flights to moni-
tor sulfur dioxide and carbon dioxide gas emissions
from convergent-plate volcanoes. These methods have
been successfully applied to explosive eruptions at
Mount St. Helens in the Cascade volcanic system
{Casadevall and others, 1981, 1983; Harris and oth-
ers, 1981; McGee, 1992) and at Redoubt Volcano in
the Cook Inlet part of the Aleutian volcano chain
(Casadevall and others, 1994). These investigations
show that the emplacement and degassing of shallow
magma in the crust beneath active volcanoes can be

47
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monilored by measuring the emission rates of SO, and
CO, from volcanoes to the atmospherc. A common
feature observed to date in the fluxes of these gas
species is their tendency to decline exponentially
through time after major explosive episodes. During
the 1992 eruptions al Craler Peak vent on Mount Spurr
volcano, however, we discovered SO, gas fluxes that
were markedly lower than those observed in past in-
vestigations. We suggest that the anomalously low SO,
degassing paticrns observed at Crater Peak are related
to the hydrolysis of magmatic SO, to agueous H,S
and sulfate by liquid waler within the volcano.
Herein, we report the results and interpretaticn
of §O, and CO, emission measurements oblained at
Crater Peak from Jale 1991 through early 1993, a pe-
riod that included three subplinian eruptions. (For the
eruption chronology, see Eichelberger and others, this
volume). Sulfur dioxide measurements were taken at
Mount Spurr volcano in July of 1991 as part of the
Alaska Volcano Observatory (AVO) gas-moniloring
program for the volcanoes of the Cook Inlet. How-
ever, few SO, flux measurements were made until at-
ter the third eruption on September 16-17, 1992, be-
cause of budget constraints, the surprisingly low SO,
flux observed at Crater Peak following cruptions on
June 27 and August [8, 1992, and 1he perception that
the activity would cease soon afler the initial erup-

tions, as i1 did during the 1953 eruption at Crater Peak.
Shortly after the September 16—17 eruption, AVO in-
tensified SO, monitoring and added CO, flux deter-
minations in the gas-monitoring program at Mount
Spurt volcano. The CO, measurcnents were motivated
by the working hypotheses that (1) both SO, and CO,
were degassed noncruptively from magma and that (2)
subsequent dissolution in liquid water within the vol-
cano resulled in scrubbing of SO, by hydrolysis re-
actions while CO, remained available for emission
when the liquid boiled.
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Figure I. View of pre-eruption crater lake in summit vent of Craler Peak, Mount Spurr
volcano before the June 27, 1992, eruption. Main (umarole (center) located in talus pile
in northwestern quadrant of vent. Whitish upwelling located right center on lake is vapor
off the lake surface, which indicates an eicvated Jake temperature.
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PRE-ERUPTION DEGASSING

Pre-eruption features at the Crater Peak vent on
Mount Spurr incfuded a4 summit cratee lake occupy-
ing the 1953 explosion ¢rater (fig. 1). a vigorous fu-
marole emtiting (hrough 1alus debris at the northwest
side of the lake, and wispy fumaroles emitiing steam
from pyroclastic deposits on (he castern inlerior of
the crater. The crater Jake normally was blue-green
in color with no apparent bubbling or surface roiling.
A few weeks prior to the June 27, 1992, eraption.
the lake water changed (o a gray color, its (empera-
ture was measured at 49°C, and active boiling and
upwelling became apparent. Observers reportcd H,S
odor at the crater rim several tens of mclers above
the lake's surface. Analyses of craler lake samples ¢ol-
lected on June |1, 1992, showed aboul a tourfold in-
crease in sulfate content compared (o lake samples
collected on August 9, 1970 (Keith and others, this
volumc), By (he day before the June 27 eruption. the
lake level had dropped sjgnificantly and exposed a
muddy beach and shoreline. The remaining lake and
weslern talus cone were probably cjected during the
June 27 eruption. The main vent present after the June
27 eruption included the xite of the principal pre-crup-
tion tumarole (fig. 2).

PROCEDURES AND METHODS
SULFUR DIOXIDE MEASUREMENTS

Sulfur dioxide mecasuremenis were made from a
fixcd-wing airplane. The COSPEC method uses solar
vliraviolet light scattered by (he Earth's atmosphere
as an illumination source. With (he instrument directed
toward the sky, the COSPEC 1neasures the difference
beltween the amount of ultraviolet light absorbed by
SO, molccules present along the optical path through
the plume and the ambient total ultraviolet light avail-
able. The COSPEC measures the amoun{ of absorp-
tion in unils of concentration pathlength (ppm-m) or
burden. Calibration is performed by using an internal
standard with a known SO; burden of 133 pom'm. A
profile of SO, burden across (he plume is measured
al right angles to (he plume (rajectory. The product
of the burden (ppm'm). the width of thc plume (m).
and (he plumc speed (m/s) gives the emission rate of
SO, (ppm-mi/y), which is reported in this study in
meltric tons per day (Ud: | metric ton (1) = 103 kg).
Reported values typicilly consist of four to six sepa-
rale traverses averaged together and rounded to (wo
significan( figurex (Casadevall and others, 1981, 1983,
and 1994: McGee, 1992).

Figore 2. View of crater in Crater Peak vent. Mount Spurr volcano, Alaska, afler the June
27, 1992. eruption. Dark deposit in middle ground is snow-free pyroclastic debris within
crater. Dark arca in backgronnd is vertical south-facing craler wal),



Table 1. SO; and CO, fluxes measured at Crater Peak, Mount Spurr volcano, Alaska, 1991-§993.

[d-m-y, day-month-year; t/d, métric tons per day: sd, standard deviation; no., aumber of SO, determiaations; BG, back-

ground; NM, not measured: >, minimum value)

Date 80, 50, 0, 80, 50, co, C04/50,
avg max mkn sd no,
(d-m-y) (vd) (v W) ) (t/dy W)
22-07-94 BG BG 8G - NM
s Precursory seismic activity begins beneath Crater Peak, August 1991
23-08-9¢ BG BG BG - NM -
29-08-9t BG BG BG - - NM -
03-09-91 85 97 72 18 2 NM -
22-11-91 BG BG BG - - NM -
14-05-92 &8 96 80 {0 2 NM
¢ Volcano-tectonic earthquakes peak, June 5, 1992
e First volcanic tremor bursts, June 6, 1992
08-06-92 21 24 I8 4 2 NM -
o Eruption, June 27, 1992
29-06-92 b 10 2 3 5 NM
o Eruption, August 18, 1992
10-09-92 BG BG BG - NM -
o Volcanic tremor episodes, September 12-23, 1992
e Eruption, September 16-17, 1992
21-09-92 23 38 10 12 5 NM
23-09-92 24 33 22 7 4 NM
24-09-92 79 92 72 [t 3 NM -
25-09-92 300 370 240 54 4 11.000 53
28-09-92 190 270 180 25 4 12,000 90
29-09-92 750 830 690 75 3 8,700 17
s Volcanic tremor episode, October 2-5, 1992
02-10-92 450 450 450 0 2 NM -
03-10-92 220 320 110 110 4 4,800 32
04-10-92 210 320 170 72 4 3,500 24
045-10-92 360 360 230 t70 4 2,900 12
10-40-92 240 360 160 100 3 NM -
¢ Volcanic rremor episode, Ocrober 12, 1992
14-10-92 47 50 44 4 3 2,400 74
15-10-92 64 87 62 4 2 NM -
16-10-92 >200 - - - - >2,000 -
19-10-92 BG BG BG - - BG -
23-10-92 24 26 22 3 2 2,100 127
29-10-92 BG BG BG - - BG -
»  Earthguake swarms, November 9, 1992
10-11-92 BG BG BG - BG -
11-11-92 BG BG BG - BG -
12-11-92 BG BG BG - - 1,100 .
13-11-92 BG BG BG - 1,000 .
15-11-92 BG BG BG . . 1.000 .
08-12-92 BG BG BG - >1,000 .
11-12-92 BG BG BG - - >500 -
15-12-92 BG BG BG - 3.200 .
18-12-92 BG BG BG >1,000 .
o Swarm of small VT earthquakes, December 21-26, 1992
23-12-92 BG BG BG . >1,000 .
21-01-93 BG BG BG - >1,000 .
18-02-93 BG BG BG - >400 .
»  Seismicity at pre-August 1991 levels, April 1993
24-04-93 BG BG BG - >930 .
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Figure 3. Sulfur dioxide and CO, measurements at Crater
Peak of Mount Spurr volcaro, Alaska, from 1991 to 1993.
Left vertical axis and salid squares give SO, emission rate
(in metric tons per day, or Ud): right vertical axis and open
squares give CO, flux (Ud). Arrows are efuptions dates (June
27, August 18, and September 16-17, 1992). Bar indicales
fow uliraviolet light period during winter when COSPEC
measurements are not possible.
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Figure 4. Sulfur dioxide (solid sgquares) and CO, (open
squares) emission rates after September 16—17, 1992, erup-
tion of Crater Peak vent of Mount Spurr volcano, Alaska.
Long arrow denotes September eruption: shoft arrows are
periods of elevated seismic energy release on October 1-2
and November 9, 1992.

were frequently noted during airbome monitoring flights
throughout the course of the 1992 eruptions. The pe-
riods of strongest H,S odor correlated with times of
minor to background SO, emission rates.

On September 24, SO, emission rates reached
79 t/d. By September 23, they rose to 300 t/d, just as

the first CO, measurements showed 11,000 t/d. Mea-
surements on September 28 showed CO, at 12,000 t/d.
Sulfur dioxide values peaked on September 29 at 750
Ud, coincident with a CO, flux of 8,700 t/d.

In the week following the October 2-5 tremor
episode, SO, remained above background levels, al-
though it declined somewhat from 450 to 240 t/d, as
CO, declined from 4,800 to 2,900 t/d. During this
period, aerosol plumes of sulfate fume derived from
valcanic SO, became visible for the first time down-
wind from the crater. These plumes extended beyond
the water vapor condepsation cloud near the vent and
spread out along an inversion layer in the atmosphere
(fig. 5). On October 3, 4, and 5, SO, fluxes were
measured before and after the onset of volcanic tremor.
After about 2 hours into each tremor episode, SO,
emission rates decreased to approximately half their
pre-tremor values (fig. 6). Sujfur dioxide emission rates,
but not CO, rates, were also down sharply after the
tremor episode on October 12. Measurable SO, lev-
els gradually declined over the next 2 weeks and re-
turned to near background levels by the end of Octo-
ber 1992. Three of five CO, measurements over the
same period gave emission rates over 2,000 t/d; the
other two measurements showed background levels.

Both MIRAN and COSPEC surveys were made
of the atmosphere around the volcano immediately after
the November 9 earthquake swarms. Sulfur dioxide
emission rates never rose above background levels fol-
fowing the crisis, but CO, emissions rose above back-
ground o a level of about 1,000 t/d by the third day
after the crisis and stayed at about this level through
April 1993. Occasional later measurements showed
lower CO, levels of only a few hundred metric tons
per day, which may represent the normal baseline CO,
fluxes from Crater Peak at times of inactivity.

Integrating the noneruptive CO, emission rate
daia for the period September 25, 1992, to April 24,
1993 (fig. 4) gives a total CO, emission of approxi-
mately 110 kt. A similar treatment of the COSPEC
SO, flux data results in a total SO, emission of only
about 6 kt.

DISCUSSION

COSPEC measurements (table 1) from July 22,
1991, to September 24, 1992, indicate only background
to minor (<100 t/d) noneruptive SO, emissions from
Crater Peak, although this period included (1) the onset
of precursory seismicity beneath Crater Peak (August
1991), (2) the peaking in frequency of volcano-tec-
tonic earthquakes and the initiation of volcanic tremor
bursts (June 5, 1992), and (3) the three explosive erup-
tions (June 27, August 18, and September 1617, 1992).
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Figure 5. View of Crater Peak of Mount Spurr volcano from the south on October 2.
1992, shows condensation plume above Crater Peak vent (left center) and volcanic aero-
sol plumc ¢xtending Lo the east,
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Figure 6. Relation between periods of seismic tremor and
decrcasing SO, emission rates (symbols connecled by solid
lines) on Oclober 3, 4, and 5. 1992. Dotted lines with ar-
rows poinl 10 SO, flux measured during tremor on pirticu-
lay days.

Total Ozone Mapping Spectrometer (TOMS) satellite
measurements (Bluth and others, this volume) show
large eruptive SO, emissions by comparison for the
explosive evenls: 200 kt (June 27), 400 kt (August
18), and 230 kt (September 16-17). The integrated
nonervptive SO, cmission of aboot 6 kt is small com-
parcd to the total TOMS-based explosive SO, emis-
sion of 830 kt. The 1989-90 eruplions of nearby Re-
doubt Volcano involved similar amounts of andesitic
magma and produced approximately 175 ki of SO, in
explosive eruptive emissions, as determined by TOMS
(Schneizler and others, 1994), and approximately 800

kt of SO, in noneruptive emissions, as dctermined by
COSPEC (Casadevall and others, 1994). Tolal SO,
emissions are similar for both eruptions. but their erup-
tive and non-eruptive components are very different.
The great diffecence between noneruptive and
eruptive SO, degassing may reflect the role of liguid
water at Crater Peak in hydrolyzing most of the
noneruptively emitted SO, gas; an abundance of wa-
ter may also have played a role in effectively quenching
shallow intrusions during their ascent to the surface.
After oblaining an average SO, emission rate of only
5 vd (table 1) at Craler Peak just 2 days after the
June 27 eruption, we spcculated that the extremely
low, noneruptive SO, emissions resulled from the hy-
drolysis of SO, to aqueous H,S and sulfale by liquid
water presenl in the volcano. One likely source of
water is a liquid-dominated hydrothermal system pos-
tulated w exist between 1.5 and 2 km beneath Crater
Peak (Motyka and Nye, 1993). The presence of a hy-
drothermal system does not, however. guarantee (hat
SO, emissions from shallow magma will be effectively
absorbed. For examplfe, Mount Pinatubo contained a
hydrothermal system suiliciently impressive (o atract
exploration drilling for ¢eothermal cnergy in 1988-
89 (Delfin and others, 1992). Nevertheless, SO, emis-
sion rates al Mount Pinalubo reached values as high
as 13 kt/d in the weeks before the climactic June 15,
1991, eruption (Daag and others, 1994). The Mount
Pinatubo hydrothermal system had a low permeabil-
ity--~too low for gcothermal-cnergy production (Delfin
and others, 1992)—which may have inhibned i1s ca-
pacily to rapidly recharge waler lost from boiling and
o prevenl (or greatly diminish) pre-eruption SO, emis-
sions. We suggest that, in addttion to the presence of
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a hydrothermal system, important factors contribut-
ing to SO, scrubbing at Crater Peak may have in-
cluded z highly permeable volcanic edifice and large
sources of liquid water from snow melt and melt from
glaciers directly above and surrounding Crater Peak,
thus permitting rapid and abundant recharge of water
to the volcano. A l-km-long zone of warm springs
(40°C) discharges from the base of the volcano about
4 km directly downslope from Crater Peak. Total warm-
water flow from this system is estimated to be ap-
proximately 1,000 l/min, and stable isotope data in-
dicate that the meteoric recharge for the ground-wa-
ter system supplying the springs is derived from lo-
cal snow melt and precipitation falling at middle to
upper clevations (Motyka and Nye, 1993).

The main gases, in addition to water vapor, re-
leased from shallow degassing magma of convergent-
plate volcanic systems are CO,, SO,, H,S, and HCI.
All these gases are soluble in liquid water that may
be present in volcanic edifices. When the water boils,
the dissolved gases will partition preferentially into
the vapor phase. The dissolution of gases in water
and their partitioning between vapor and liguid dur-
ing boiling are topics beyond the scope of this re-
port. We refer readers to a discussion of these and
related topics in Henley and others (1984); much of
the interpretation that follows is based on data and
concepts they present. We focus entirely on liguid-
vapor interactions. In most cases, water-rock interac-
tions are likely to proceed at a slow rate relative to
the time scales of volcanic degassing and liquid-va-
por reactions during boiling. We assume, therefore,
that water-rock interactions introduce only secondary
effects that can be ignored here.

Because agueous HCI is a strong acid, it disso-
ciates in water to hydrogen and chloride ions (HCl(aq)
— H¥(ag) + Cl-(aq)). The concentration of HCl(aq)
will therefore be negligible, and its exsolution as HCI
gas in the vapor phase during boiling will be negli-
gible, except for unusually acidic solutions at tem-
peratures much greater than 250°C. Thus, water in a
volcano will dissolve HCI released from degassing
magma, but because of its strong dissociation, HCt
will not normally exsolve to a vapor phase when the
resulting solution is bojled.

Agueous SO, is thermodynamically unstable in
water retative to sulfate species and aqueous H,S, ex-
cept at temperatures greater than 300°C and pH val-
ues less than or equal to 2. The hydrolysis of SO, by
the disproportionation reaction:

4H,0(!1) + 450,(ag) = H,5(aq) +
3H*(aq) + 3HSO, (aq) ¢}

proceeds strongly in the direction indicated. Con-
sequently, the concentration of SO,(aq) is very low
and the contribution of SO, to the vapor phase dur-
ing boiling is negligible compared to the bulk amount
of SO, gas that may have been injected initially into
the water during magma degassing.

The gases CO, and H,S dissolve in water as
CO,(aq) and H,S(aq). Their dissociation (H,O(l) +
COy(aq) = H*(aq) + HCO4'(aq); H,S(aq) = H*(aq) +
HS-(aq)) is not appreciable in ground water and hy-
drothermal waters provided pH is below 9. Unlike SO,,
they are rclatively stable with respect to water, al-
though some H,S(aq) may react with dissoived Fe++
to form pyrite (FeS,). The concentrations of CO,(aq)
and H,S(aq) in waters that have absorbed magmatic
gases are, therefore, significant compared to those for
aqueous HCl and SO,. Carbon dioxide and H,S are
thus distributed between vapor and liquid phases dur-
ing boiling. The distribution of either gas between vapor
and liquid can be represented by a distribution coef-
ficient, B;, defined as follows:

Bi = (ﬂi/nHzo)vap/(“i/nHQO)]iq (2)

where (ni/ny,0)yap i the molar ratio of the gas
i to Hy0 in the vapor, and (n/ny,o)iq is the ratio of
the gas to H,0 in the liguid. Giggenbach (1980) de-
rived the following regression equations, valid for
100°C to 340°C, from experimental gas-solubility data
for CO, and H,S in water:

log Beg, =4.7593 - 0.01092T (3)

log BH;S = 4.0547 - 0.00981T (4)

where T is in °C. Over temperatures from 100°C
to 340°C, the respective values for Bcg, range from
4,650 to 11: those for By,s range from 1,185 to 5.
Thus, both CO, and H,S will move preferentially into
the vapor phase during boiling, and this preference is
stronger the lower the temperature of boiling.

With equations (3) and (4) and other equations
provided in Henley and others (1984), it is possible
to calculate the distribution of CO, and H,S between
vapor and liquid as boiling progresses. The results de-
pend on the temperature of boiling, the extent of boiling
(that is, the fraction of the total water in the system
transferred to the vapor phase as steam), the isother-
mal or isoenthalpic nature of the boiling process, and
the open or closed character of the system. The per-
cent of CO, and H,S remaining dissolved in the lig-
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Figure 7. Percent of CO, and H,S dissolved in hquid wa-
ter, relative to the initial amounts in solution, as a function
of the percent isoenthalpic boiling for a closed system ini-
tially at 260°C. Only 25 percent of the initial CO, and 43
percent of the initial H,S remain dissolved after just 3 per-
cent boiting, The temperature after 3 percent boiling is 250°C.
The curves are based on caiculations at atervals of 1 per-
cent boiling from equations (3) and (4) in the 1ext and oth-
er equations provided in Henley and others (1984).

uid, relative to the initia} amounts in solution, as a
function of the percent isoenthalpic boiling for a closed
system initially at a temperature of 260°C are shown
in figure 7. For these conditions, only 25 percent of
the initial CO, and 43 percent of the inttial H,S re-
main dissolved in the liquid after just 3 percent boil-
ing. The temperature after 3 percent isoenthalpic boiling
is 250°C. The curves produced by closed-system, iso-
thermal boiling at 260°C are sjmilar but somewhat
above those shown in figure 7 for the same range of
percent boiling. For example, 29 percent of the ini-
ttal CO, (instead of 25 percent) remains in the Jiguid
after 3 percent boiling. Because the values for Beg,
and By, 5 increase as the system cools, CO, and H,S
will partition into the vapor at a faster rate from
isoenthalpic boiling than from isothermal boiling. In
open-system boiling, gases are removed from solu-
tion at exponential rates and cause marked changes
in gas content of the liquid after only a few percent
boiling. If open-system rather than closed-system con-
ditions are assumed, less than 5 and 30 percent of
the initial CO, and H,S, respectively, remain dissolved
in the liquid after just 3 percent boiling. At tower
temperatures (higher B;-values), less boiling is required
to produce the same changes in the gas content of
the liquid for both open and closed systems. In gen-
eral, boiling is more effective in stripping CO, and
H,S from aqueous solutions the lower the tempera-
ture of boiling and the more open and isoenthalpic
the behavior of the system during boiling.

Our observations on 80O,, CO,, and H,S emis-
sions during the 1992 eruptions of Crater Peak are
consistent with the foregoing discussion of SO, hy-
drotysis and the partitioning of CO, and H,S during
boiling. We suggest that scrubbing of SO, by liquid
water in the volcano effectively masked noneruptive
magmatic emissions of SO, from the time of precur-
sory seismic activity in August of 1991 to September
24, 1992 (table 1). We particularly stress this inter-
pretation for the COSPEC measurements from June 8
to September 25, 1992, which show SO, emissions
of background to only 88 t/d at times befare, after,
and between the three ervptions. At these times, SO,
emissions of at least several hundred t/d would nor-
mally be expected on the basis of past experience
{Casadeval} and others, 1981, 1983, 1994; McGee,
1992). In addition, the hydrolysis of SO, accounts for
the increase in the sulfate content of the Crater Peak
lake water prior to the first eruption. The persistently
strong H,S odor during this period, and during later
periods when SO, emissions were at or near back-
ground levels, is also consistent with this interpreta-
tion. In addition to direct dissolution of H,S degassed
from shallow magma, the hydrolysis of aqueous sul-
fur dioxide by reaction (1) converts 25 percent of the
degassed SO, into aquecus H,S. Because magmas gen-
erally emit much more SO, than H,S, the production
of H,S by hydrolysis probably was significantly greater
than the H,S from magmatic degassing. Aqueous H,S
derived both from direct magma degassing and from
hydrolysis of degassed SO, would be preferentially
partitioned into the vapor phase and released in emis-
stons during botling of water. Hydrogen sulfide has a
lifetime in the atmosphere of only about 1 day, be-
cause of oxidation reactions (Graedel, 1977). Thus,
while it is possible that the minor (5-88 v/d) SO, fluxes
during the June 8 through September 25 period rep-
resent magmatic degassing of SO, through rare dry
pathways to the surface at this time, we cannot rule
out the atmospheric oxidation of H,S emissions from
boiling water as the source of the detected SO,.

Large SO, emissions were possibie during the
three explosive eruptions because magma ascended
rapidly to the surface and could degas directly to the
atmosphere. This effectively prevented contact with
liquid water and loss by scrubbing of most of the SO,
released during the eruptions. The TOMS data indi-
cate that 15 to 25 percent of the suifur released in
the three eruptions was emitted as H,S (Bluth and
others, this volume). This suggests the possibility that
H,S emissions also occurred from the boiling of wa-
ter during the explosive events. Hence some of the
sulfur released in the explosive eruptions may have
been degassed noneruptively as SO, at an earlier time,
converted to aqueous H,S by hydrolysis, and then re-
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leased during boiling from beating associated with the
ascent of the erupting magma.

On September 25, about a week after the Sep-
tember 16—17 eruption, the system finally dried out
enough to permit SO, fluxes in excess of 100 t/d (table
1). The week of time may have been necessary to trans-
fer the heat required to dry out a sufficient volume
of the rock surrounding the shallow magma so that
significant amounts of SO, could degas and escape
to the atmosphere without encountering liquid water.
It is possible that some additional shallow magma was
supplied during this week; this magma augmented the
supply of magmatic gas and heat needed to create and
maintain a dry escape route to the surface. We sug-
gest that during this period the liquid-vapor boiling
surface migrated outward from the shallow magma,
because the rate at which heat was supplied for boil-
ing outpaced the rate at which recharging water re-
moved heat.

The CO;, emission rate data (table 1) indicate
that magma was degassing, and these data support the
hypothesis of SO, loss by scrubbing. Together, the
CO, and SO, fluxes from September 25 10 about Oc-
tober 10 indicate that magma was degassing through
boiling water as well as through a zone of dry rock.
The values of CO,/SO, weight ratios for magmatic
gases from convergent-plate volcanic sysiems are less
than 15, except for gases collected from degassed domes
several years after emplacement (Symonds and oth-
ers, 1994). Most of the CO,/SO, values at Crater Peak
are in the 10 to 100 range (table 1). A higher CO,/
S0, ratio is expected if a significant fraction of the
degassing takes place through boiling water. Magma
degassing through boiling water would cause relatively
minor fractionation of CO,, because of its tendency
to partition preferentially into a vapor phase, com-
pared to its effect on SO,, which is susceptible to
hydrolysis. Consequently, the CO,/SO, values of the
gases emitted to the atmosphere will be higher thar
the magmatic gas values, and they will increase as
the fraction of degassing through boiling water in-
creases relative to degassing through a zone of dry
rock. The high CO, emission rates of 11 and 12 kt/d
at times of relatively modest (190 to 300 v/d) SO,
emissions and the high CO,/SO, values of 53 to 90
on September 25 and 28 suggest that sigpificant de-
gassing of magma through water was also occurring
in the week jmmediately after the September 16-17
eruption, even though SO, fluxes were then very low
(<100 t/d), presumably because of SO, scrubbing by
boiling water.

Sulfur dioxide emission rates peaked near the
end of September, only about a week after the dry-
out zone was established. By early October, removal
of heat by recharge of meteoric water apparently be-

gan (o outpace the supply of magmatic heat again,
the dry escape route through the wet edifice began to
close, and SO, emissions siarted to drop. The exhaus-
tion of gas, as well as heat, from the shallow magma
probably contributed to the drop in SO, emission rate.
The coincident decline in CO, also suggests the ex-
haustion of volatiles from the shallow magma.

We attribute the drop in SO, emission rates during
tremor episodes in early October (fig. 6) to the re-
charge of Jiquid water back inio the dry-out zone around
and above the shallow magma. As water invaded frac-
tures within this zone, vigorous boiling ensued, pre-
sumably giving rise 1o tremor, and the adjacent hot
rock and melt cooled sufficiently to permit the pres-
ence of an increasing amount of liquid water. As the
process proceeded, SO, was increasingly lost by scrub-
bing, SO, emissions dropped, and CO,/SO, and H,S/
S0, values rose. After the tremor episode of October
12, the system remained effectively waterlogged without
a dry zone for SO, escape. Sulfur dioxide emissions
declined to background levels where they have re-
mained.

Carbon dioxide emissions of greater than 2 kt/d
suggest that episodes of boiling continued to release
CO, and H,S after the October 12 tremor episode.
Carbon dioxide emissions and strong H,S odors were
evident again 3 days after the November 9 earthquake
swarms. We speculate that these swarms were related
10 one or more intrusions too small to penetrate through
the water-saturated zone but sufficiently farge to pro-
duce thermal perturbations that led to boiling and re-
lease of CO, and H,S. Carbon dioxide fluxes of | to
3 kt/d continued for over 2 months. A measurement on
April 24, 1993, still showed a flux of about 1 kt/d
(1able 1). We suspect these emission levels signify con-
tinuing restlessness because measurements on July 7,
1994, did not detect CO, above the background (Doukas,
1995).

CONCLUSIONS

Suffur dioxide scrubbing by liquid water masked
S0, emissions from shallow magma during the 1992
eruptions of Crater Peak and created the unuseal SO,
degassing patterns marked by the absence of expo-
nentially declining fluxes after the three explosive erup-
tions. Hydrolysis reactions effectively prevented ob-
servation-of SO, emissions from shatlow magma both
before and after explosive eruptions and seismic cri-
ses, except for a brief period when dry degassing path-
ways (o the surface existed from September 25 to about
October 10, 1992, Measurements of CO, emissions
initiated on September 25, 1992, indicate that in ad-
dition to the degassing of magma through dry path-
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ways, degassing through boiling water with the loss
of SO, by scrubbing was also important at this time.
The hydrolysis of SO, also explains the increase in
the suifate content of Crater Peak lake water prior to
the first eruption, the strong H,S odor during periods
of background to minor SO, emissions, the TOMS
evidence for significant H,S emissions during the ex-
plosive eruptions, and the observed decline of SO,
emissions during periods of volcanic tremor. Large
SO, emissions unencumbered by scrubbing only oc-
curred during the three explosive eruptions when
magma penetrated through liquid water zones under
Crater Peak and reached the surface. Abundant, local
sources of melt water and a high permeability for the
Mount Spurr voicanic edifice are probably the chief
factors responsible for the masking of SO, emissions
by scrubbing, and possibly for quenching shallow in-
trusions in the process of ascending to the surface.

We strongly recommend early monitoring of CO,
when Cook Inlet volcanoes become restless. Because
of its strong preference for the vapor phase during
boiling, CO, emissions from degassing magma arc less
likely to be masked by the presence of water, whercas
SO, emissions may be lost totally from interactions
with water and thus render misleading COSPEC re-
sults. We also recommend that CO, emission rate data
sets be obtained for inactive Cook Injet volcanoes so
that baseline fluxes will be available for comparison
when these volcanoes become restless.
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ABSTRACT

Waters sampled from the shallow lake in the Cra-
ter Peak vent of Mount Spurr volcano during June of
1992 were much higher in SO, and lower in C} than
waters sampled at the same Yocality in August of 1970.
The major change in water composition is an effect
of the degassing of shallow magma into the volcano-
hydrothermal system prior to the June 27, 1992, erup-
tion. Though the timing of the chemical change is un-
knowr, it may have been concurrent with a change in
the lake observed in early June of 1992. At that time
the lake changed from clear, blue-green to turbid, battle-
ship gray. Volcanic unrest was also accompanied by
upwellings and bubbling in the lake prior to its dis-
appearance owing to evaporation and (or) draining.

INTRODUCTION

A nearly circular lake, approximately 100 m long,
developed in the bottom of the satellitic Crater Peak
vent on the south flank of Mount Spurr at an unknown
time following the eruption of July 9, 1953. Air pho-
tos taken in September 1952 show ice filling the cra-
ter (Motyka and Nye, 1993) 10 months prior Lo its
first known historical eruption. Careful study of te-
phras from Mount Spurr volcano show that the Cra-
ter Peak vent has erupted 35 times in the past 6,000
years, incfuding 15 times within the past 500 years
(Riehle, 1985). The lake in Crater Peak was visited

and its water sampled by Bruce Reed and Marvin
Lanphere during U.S. Geological Survey (USGS) map-
ping in the region during the Summer of 1970. Fu-
maroles at Crater Peak were sampled in 1982 and also
visited in 1985, but in 1985 they were too diffuse to
sample (Motyka and Nye, 1993). No further sampling
of the lake water or fumaroles was done until 2 weeks
prior to the June 27, 1992, eruption.

Thermal springs fow on the west flanks of Mount
Spurr volcano below Crater Peak were discovered and
sampled in {985 by Motyka and Nye (1993). Unfor-
tunately, other priorities precluded sampling these
springs during the 1991-92 period of unrest and erup-
tion of the volcano. They were resampled on June
2-3, 1993 (R. Motyka, unpub. data, 1993).

OBSERVATIONS AND SAMPLING OF
CRATER LAKE WATERS

1970 SAMPLING AND OBSERVATIONS

Reed and Lanphere visited the Crater Peak lake
on August 9, 1970, and collected two water samples
for analysis (table 1). They were not equipped to mea-
sure temperalure or pH. Reed’s field notes (unpub.
data} state that “both samples from approximately é
inches depth; 2.5 to 3.5 ft from shore; water is milky
gray, t00 hot to hold hand in; had difficulty collect-
ing the samples because of the temperature-could hold
hand in for 1-2 seconds, very hot. water is being di-
luted by spow meltwater . . .\” These observations
suggest temperatures in the range 55 to 65°C.

1992 SAMPLING AND OBSERVATIONS

Observations and photographs from fixed-wing
aircraft overflights in May and the first week of June
1992 recorded the lake color as a clear blue-green, as
bad been observed during previous years. On the ob-
servation flight of June 8, however, the lake was re-
ported as being a gray cofor with several smalf areas
of upwelling or bubbling, the most prominent of which

59
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occurred on the northeast side of the lake. During this
flight, the usual scattered, wispy fumarolic activity
was noted, and the most vigorous fumarole was emit-
ting a strong steam plume from a talus pile adjacent
to the lake on the west side of the crater floor.

On June 11, a descent was made into the Crater
Peak vent for general observations. The lake was a
murky, battleship gray color. Continued small upweli-
ings were observed; the measured temperature of the
Jake water (49°C) indicated that the upwellings were
caused by rising noncondensible gases, rather than

Table 1. Chemical and isotopic anatyses of Crater
Peak (Mount Spurr) lake waters, Alaska.

*CPN-1 *CP92-2
Condltions
TOC --ommmmmomnnie 49 49
field pH -~-----c--- 2.5 2.5
lab pH ----o-omaeee- 248 249
conductance ------ 3130 3120
Chemical species, in milligrams per liter
e — 263 3z
.\ (N 418 50
Fe ~vavmmmeronmmcnes 33.2 1.6
Mn e 295 2.94
.V P —— 0.16 0.26
|3 (SOOI 721 8.18
Ca =cmrmmmrmammnann 184 187
Mg ---------------- 405 413
Na «remmvcrmneees 56.0 55.t
K —mememmmemmmmeceen 3.5 3.69
| O OO 0.034 0.035
HCOy ---semnmrees 0 9
({0 1450 1490
o] [ENNERS RIS — 532 54.5
| U 0.42 0.42
[ O 3.36 3.18
80,4:C1 ratio
e R — 27.3 273
isotopic hydrogen and oxygen composition
<116 -113.5
-7.2 -7.2
#x270AR-20] **2I0AR-202
(south edpe) (north edge
Conditions
nd
nd
2.30
Ca ~ememmommmmmmanam 192 182
Mg ---------------- 7§ 70
Na coormmmammiamaan 75 s
Q. 15 7.3
RCO4 ~---mmnsnaeas 0 0
(107 Y. 442 35
Cl cmmmmememeavnes 1180 1100
B --eeessssommmaes 24 A
8$04:Cl ratio
Lo YE e [ —— 04 03

*analyst: J. Michael Thompson, USGS, Menlo Park, CA
*»analyst: L.D. White, USGS. Menio Park, CA; values relative to
SMOW

*=#unpublished analyses of water saraples collected by Marvin
Lanphere and Bruce Reed (USGS) on 8/9/70 were provided by
Bruce Reed; analyst: Roberta Barnes, USGS, Menlo Park, CA; nd.
nat determuiaed

boiling. Geyser activity, previously unreported, was
observed in the talus pile adjacent to the north edge
of the lake where the most vigarous fumarole in the
Crater Peak vent had been active for at least several
months. Motyka and Nye (1993) reported the most
vigorous fumarolic activity as being on the east side
of the lake in 1982 and on the north side in 1985.
The fairly rapid migration of active fumarolic vents
suggests redirection of fumarolic channels by shal-
low seismic disturbances; local self-sealing of fuma-
rotic channels by hydrothermal alteration must have
occurred to some extent but probably was not the con-
wolling factor in this case.

On the June 11 trip, two whole-water samples
were taken from the lake. One sample (CP-1) was taken
adjacent to the shore and the other (CP-2) was taken
about 0.5 m out from shore. The samples were brought
back to Anchorage approximately 4 hours following
cotlection. Half of each sample was filtered and acidi-
fied. Chemical and isotopic analyses (table 1) were
made following the procedures of Thompson (1990).

The pale gray, very fine-grained filtrate was ana-
lyzed for mineral phases using X-ray diffraction. Phases
identified were poorly crystalline sulfur, alunite, py-
rite, and kaolinite. Foflowing the mineral analysis, the
same filtrate was chemically analyzed using semi-
quantitative emission spectrographic methods to de-
termine minor-element concentrations (table 2).

Two weeks later, op the afternoon of June 26,
geologists from the Alaska Division of Geological and
Geophysical Surveys who were returning from field-
work by helicopter passed by Crater Peak and observed
that the shallow crater lake had “drained.” Gray mud
covered the crater floor, and a substantial steam cloud
rose from the crater. Lake waters evaparated when
heated by the rising magma in addition to lake water
draining into the subsurface along fractures caused by
seismic disturbances in the volcanic edifice.

1SOTOPES

Oxygen and deuterjum isotopic analyses were
obtained onty on the 1992 lake water samples (table
). Comparison of these data to the World Meteoric
Water Line (Craig, 1961) and to data presented by
Motyka and Nye (1993) for meteoric waters from Spurr
and Augustine volcanoes show that the Crater Peak
take waters of June 8, 1992, fall well off the mete-
oric water line (fig. 1). In a hydrothermal system, only
oxygen shifts to heavier values during water-rock in-
teraction bui deuterium remains stable (Craig, 1966).
Evaporation shifts both 3D and 3§'80 to beavier val-
ves. Thus, isotopic values for the Crater Peak lake
waters indicate that evaporation dominated any wa-
ter-rock interaction. The isotope values for the Crater
Peak lake waters could also be interpreted to be a
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Table 2. Sesniguantitative emission
spectrographic chemical analysis of
minor elements in filtrate from Crater
Peak (Mount Spurr, Alaska) lake waters
of June 1], 1992.

{Aralyst, E.A. Bailey: ppm, pants pec miltion}

element, In weight percent

result of meteoric (hydrothermal) waters mixing with
magmatic waters, using the field of Sheppard and others
(1969).

SOLID PHASES

Crater Peak vent andesitic rocks, in contact for
years with warm, acidjc lake waters of the 1970 com-
position (table 1) and vent fumaroles (Motyka and Nye,
1993}, must have altered somewhat to common acid-
sulfate products such as alunite, kaolinite, pyrite, Fe
oxides and hydroxides, as well as residual noncrys-
talline to poorly crystalline silica phases. The fine-
grained gray mud of the filtrate is similar in appear-
ance and mineralogy (o that in areas of characteristic
acid-sulfate alteration, including mudpots of Yellow-
stone National Park (White and others, 1988), acid
altered andesite at White Island, New Zealand (Gig-
genbach, 1987), and the gray muds in the Ruapehu
volcano crater lake (Christenson and Wood, [993).
Upwelling disturbance of the lake waters in Crater

Augusting
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Figure 1. Plot of 8!30 versus 8D of waters from Mount
Spurr and Augustine volcanoes compared to the World Me-
teoric Water Line (MWL) of Craig (1961) and an evapora-
tion line (EL) for the Crater Peak (Mount Spurr) lake wa-
ters. Data for Auvgustine summer meteoric waters, Mount
Spurr meteoric waters (including a cold stream, snowmelt),
and Augustine winter meteoric waters, and the triangle rep-
resenting the thermal spring on the lower south flank of
Mount Spusr below Crater Peak from Motyka and Nye (1993).
Data for primary magmatic waters from Sheppard and oth-
ers (1969). Open circles, Crater Peak thermal lake waters
of June 11, 1992,

Peak suspended the fine-grained alteration products
in the water. Thus the poorly crystalline filtrate min-
erals (alunite, pyrite, kaolinite) identified by X-ray
diffraction are residual rock alteration products, and
the sulfur is from the oxidation of increased magmatic
H,S 'in the lake water. Although silica phases were
not detected by X-ray diffraction and the amouat of
filtrate was too small to analyze for silica, some form
of silica was probably present because the lake wa-
ters contained substantial dissolved silica.

DISCUSSION

The striking difference in chemical composition
between the two sets of water samples is the high
SO,:Cl ratio in samples taken in 1992 relative to those
taken in §1970. The increased SO, in water sampled
in June 1992 is most likely a result of increased sul-
fur species degassing from rising magma in the Cra-
ter Peak vent and disproportionation of magmatic SO,
in the hydrothermal system and lake waters to form
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aqueous H,S and suifate. which are much more stable
in water than SO, (Giggenbach, 1987; Doukas and
Gerlach, this volume). The Cl concentration in the
crater }ake water decreased in 1992 relative to 1970.
The 1992 decrease in Cl was apparently simultaneous
with increased sulfur degassing from the magma. Gen-
erally, the concentration of dissolved Cl in the vol-
cano-hydrothermal system and (or) the overlying shal-
low lake water would be expected to increase as a
result of magma degassing into water.

The relevant question may be why Cl was so
high in 1970 rather than why C! was so low in 1992,
One possibility is that the subsurface hydrothermal
system was not well developed in 1970 following the
1953 eruption, and so Cl from degassing magma could
reach the surface waters, although the large amount
of precipitation in the area should have reestablished
the hydrothermal system very quickly. The relatively
high concentration of B in the 1970 lake waters sup-
ports the hypothesis of a well-developed hydrother-
mal system at that time. High Mg concentrations of
the lake waters in both years suggest substantial wa-
ter-rock interaction between the acidic lake water and
the andesitic host rock of the volcanic edifice. Pes-
haps Cl was more concentrated in the August 1970
lake waters because of evaporation of thermal water
(where Cl remained dissolved) accompanied by the
precipitation of sulfate as mineral phases, thus being
removed from the lake water.

The volcano-hydrothermal system within the south
flank of Mount Spurr voicano and beneath the Crater
Peak vent was undoubtedly disturbed by the intrusion
of magma leading to the June 27, 1992, eruption. As
the magma began its ascent, the water of the hydro-
thermal system was further heated and boiling in-
creased; these processes released HyO, O,, and H,S,
which condensed in the {ake and surface waters. Ac-
cordingly, the lake waters sampled 16 days prior to
eruption in 1992, are probably a mixture of pre-ex-
isting lake, magmatic, hydrothermal, and meteoric
waters as well as some component of dissolved mag-
matic gases including sulfur species, Cl, and F. The
volcano-hydrothermal system has since been severely
disrupted by the three 1992 eruptions and the non-
eruptive intrusions in late 1992 (Eichelberger and oth-
ers, this volume).

The changes in character of the lake in the Cra-
ter Peak vent prior to the June 27, 1992, eruption are
probably a result of major disturbances within the shal-
low part of the volcano. Similar changes were reported
in 1985 at Ruapehu volcano, New Zealand (Scott, 1987,
Christenson and Wood, 1993) during heating episodes,
some of which resulted in eruption. Crater Jake dis-
turbances such as color change and upwellings are
frequently associated with increased heating by ris-
ing magma.

The fact that ice occupied the Crater Peak vent
during September 1952 prior 10 the July 1953 erup-
tion has interesting implications for monitoring Mount
Spurr volcana. The Crater Peak vent has a frequent
eruptive pattern. Riehle (1985) has documented 16 erup-
tions during the past 500 years, and this is a mini-
mum of events because small eruptions that left no
tephra records could also have occurred. Observations
on the status of the ice ia the crater or the develop-
ment of a lake prior to the 1953 eruption are not known
to exist. The development and maintenance of a warm
crater lake in the vent betweéen the 1953 and 1992
eruptions suggests that the volcano did not return to
the level of inactivity that existed prior to the 1953
eruption, which was cool enough to permit ice to form
in the crater. The presence or absence of ice in the
crater and the characteristics and chemistry of any crater
take are important indicators of the future status of
unrest. Sampling of flank thermal springs during pe-
riods of unrest and eruptions might indicate how well
they are connected to the hydrothermal system near
the vent.

CONCLUSIONS

The presence of a warm lake in the Crater Peak
vent between its 1953 ard 1992 eruptions indicates
that the volcano had not returned to its pre-1953 state
of inactivity when conditions were cold enough that
ice occupied the crater oaly 10 months prior to erup-
tion. Variations in crater lake appearance (color and
turbidity) and chemical composition, especially the
§O,:Cl ratio, can be an indicator of volcanic unrest.
Such variations may signal the intrusion of new magma.
At Craler Peak, the lake disturbances could indicate
imminent potential for magmatic or phreatic eruption.
Although sampling of the lake waters in the crater
may be useful, safety factors often preclude it.

REFERENCES CITED

Christenson, B.W., and Wood, C.R, 1993, Evolution of a vent-hosted
hydrothermal system beneath Ruapehu Crater Lake, New
Zealand: Builetin of Volcanotogy, v. 55, p. 547-565.

Craig, H., 1961, Isotopic variations in meteoric waters: Science, V.
133, p. 1702-3703.

Craig, H., 1966, Isotopic composition and osigin of the Red Sea
and Salton Sea geothermal brines: Science, v. 154, p. 1544—
1548.

Giggenbach, W.E., 987, Redox processes governing the chemistry
of fumarolic gas discharges from White Istand, New Zealand:
Applied Geochemistry, v. 2, p. 143-161.

Motyka, R.J., and Nye, C.J., 1993, Fumarolic gas chemistry (1982)
and thermal spring water chemistry, Crater Pegk (1985),
Mourt Spurr, Alaska, in Solie, D.N., and Tannian, F, eds..
Short Notes on Afaskan Geology 1993: Alaska Department



6. CHEMISTRY OF CRATER LAKE WATERS PRIOR TO 1992 ERUPTIONS OF CRATER PEAK VENT 63

of Natural Resources, Division of Geological and Geophys-
ical Surveys Professional Report 113, p. 31-40.

Riehte, J.R., 1985, A reconnaissance of the major Holocene tephra
deposits in the upper Cook Inlet region, Alaska: Journal of
Volcanology and Geothermal Research, v. 26, p. 37-74.

Scoit, B.J., 1987, Ruapehu observations and inspections, Volcano
and Geothermal Observations 1985 & 1986: New Zeatand
Voicanological Record No. 15, compiled by New Zealand
Geological Survey, DSIR, p. 34.

Sheppard, S.M.F, Nielsen, R.L., and Taylor, H.P,, Jr,, 1969, Oxygen

and hydrogen igotope rattos of clay minerals from porphyry
copper deposits: Economic Geology, v. 64, p. 755-777.

Thompson, J.M., 1990, Chemical data from thermal and nonthes-
mal springs in the vicinity of Mount St. Helens Nationa}
Monuvment: U.S. Geological Survey Open-File Report 90-
690A, 16 p.

White, D.E.. Hutchinson, R.A_, and Keith, T.B.C., 1988, The geol-
ogy and remarkable thermal activity of Norris Geyser Ba-
sin, Yellowstone National Park: U.S. Geological Susvey Pro-
fessionat Paper 1456, 84 p.






Tephra-Fall Deposits from the 1992 Eruptions of Crater
Peak, Mount Spurr Volcano, Alaska: A Preliminary Report
on Distribution, Stratigraphy, and Composition

By Christina A. Neal, Robert G. McGimsey, Cynthia A. Gardner, Michelle L. Harbin, and
Christopher J. Nye

CONTENTS
ABSIIRCT ~mmmmr e e e e e e e e 65
[NErOAUCET 0N ~amm s ot s o me 65
Acknowiedgments 66
Distribution of tephra-fatl deposits --- 66
Volume of tephra-fall deposits ~~~-~-veessmammmonnsmmniaannaes 68
Thickness of tephra-fall deposits ---~ 68
Composition of tephra-fall deposits 68
Stratigraphy of tephra-fatt deposits 69
June 27 -- : 69
August 18-~ B 70
September 16-17 71
Refations of tephra-fall deposits to other observations ----- 72
June 27 72
August (8 -73
September 1617 --------- 75
Discussion - - 75
SUMMACY ~mmmmmm e e e e e e 78
References cited - - S ----178
ABSTRACT

Most ¢jecta from the 1992 eruptions of Crater
Peak was deposited as tephra fall from eruption col-
umns that ascended rapidly to altitudes of greater than
14 km above sea level. Coarse bomb- to fine ash-sized
tephra fell along relatively narrow trajectories extending
north, northeast, and east from the vent; these pat-
terns reflect prevailing wind directions in upper Cook
Inlet. Each brief (3.5- to 4.0-hour), smali-volume (12
to {5 x 108 m3 dense rock equivalent or DRE) erup-
tion involved two distinct juvenile andesitic tephra
components that differ in color and density only: no
systematic differences in glass chemistry, butk com-
position, or mineralogy have been identified. The strati-
graphic relations of these components in the August
18 and September 16—17 deposits suggest that the upper
part of an inferred pre-eruption magma body was en-
riched in volatiles relative to the lower part. Class-

size grading may reflect a progressive increase in
magma discharge during the first 2 to 3 hours of te-
phra emission.

INTRODUCTION

After 39 years of quiescence, the Crater Peak
vent on the south flank of Mount Spurr volcano
reawakened with a series of three short lived but vio-
lent eruptions of andesitic tephra on June 27, August
18, and September 16-17 of 1992 (Eichefberger and
others, this volume; Alaska Volcano Observatory, 1993).
Bach eruption lasted 3.5 to 4.0 hours and generated
vulcanian to subplinian eruption columns that reached
altitudes of more than 14 km above sea ievel (ASL).
Cartried downwind, these tephra plumes resulted in
narrowly distributed fall deposits composed principally
of poorly vesiculated, crystal-rich juvenile andesite that
ranged in size from coarse bombs to fine ash. Plumes
from the three eruptions extended north, northeast, and
east away from the volcano. Two of the three 1992
events deposited significant amounts of falfout tephra
onto the most heavily populated areas of south-cen-
tral Alaska (fig. 14).

Tephra-fall deposits make up the bulk of the ecup-
tive volume for each event (12, 14, 15 x 106 m3 DRE
for the three eruptions) and hence contain critical in-
formation regarding temporal changes in chemistry,
eruption dynamics, and plume behavior. Each erup-
tion also produced small pyroclastic flows and lahars,
however, together these deposits make up less than
1 percent of the total buik volume for the entire eruption
series (Miller and others, this volume; D. Meyer, oral
commun., 1994). This paper summarizes field char-
acteristics and preliminary compositional analyses of
proximal tephra-fall deposits, and it also proposes a
mode} to explain observed physical and sedimento-
logic variations.
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Figure 1. A, Generalized map showing extent of the three tephra-fall deposits from the 1992 eruptions of Crater Peak, Mount
Spurr volecano, Alaska. Shaded sareas denote approximate limits of tephra-fall inferred from ground and aerial surveys within 250
km of the vent as well as phone contact with distant communities within several days of the eruptions. Due to very sparse
population and poor road access, the actual downwind extent of each deposit is unknown.
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DISTRIBUTION OF TEPHRA-FALL
DEPOSITS

Prevailing winds in upper Cook Inlet (fig. 1B)
blow from \he southeast, southwest, and northwest;
the dominant wind direction is from the south to south-
west. Consequently, tephra erupied from any Cook lnlet
volcano is likely to be carried over populated areas
and into the busy air traffic corridor of south-central
Alaska; this phenomenon underscores the need for
timely eruption notification and tracking of tephra
plumes. As part of eruption-response procedures at the
Alaska Volcano Observatory (AVQ), hypothetical plume
trajectory piots provided by the NWS were generated
at AVO (Brantley, 1990, fig. 32). Based on twice-daily
atmospheric soundings of wind velocity at varijous al-
titudes, these maps are used to forecast probable dis-
persal patterns of tephra plumes and resultant fallout
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Figore 1. Continued. B, Compass rose diagrams in-
dicate percent of time that winds blow toward a giv-
en direction over Anchorage (adapted from Till and
others, 1993, and based on data from the Nationa!
Climatic Data Center, Asheville, North Carolina for
the period 1948 to 1972).

(Murray and others, 1994). All three tephra plumes pro-
duced during the 1992 eruptions at Crater Peak followed
trajectories in good agreement with these plots.

The June 27 eruption occurred during a period
of strong southerly winds and heavy overcast. As de-
termined by C-band (5.4-cm-wavelength) radar oper-
ated by NWS, the vertical eruption columa reached a
maximum altitude of 14.5 km ASL by 10:23 a.m.
Ataska Daylight Time (ADT), approximately 3.3 hours
into the eruption (Rose and others, this votume). The
tephra plume traveled north from Crater Peak (fig.
1A} over the relatively unpopulated Yentna and
Skwentna River basins, the Alaska Range near Mount
Foraker, and the settlememt of Kantishna. The most
distal report of ash fall was received from Manley
Hot Springs, 140 km west of Fairbanks and 420 km
north of Crater Peak. To the north of this commuaity,
there are few settlements.

Daring the August 18 eruption, winds were west-
erly and the axis of the main tephra fall extended east
from Crater Peak, across Cook Inlet and over the An-
chorage basin where | to 3 mm of primarily coarse
ash was deposited. The plume continued southeast-
ward over Prince William Sound, the eastern Chugach
Mountains, and the Gulf of Alaska (fig. 1A). Peters-
burg, Alaska, (,200 km southeast of Crater Peak (fig,
1A, inset) reported a Jight dusting of fine ash on An-
gust 19, Farther south, in the Queen Charlotte Islands
and along coastal British Coluombia, Canadian Flight
Service Station personnel noted only the passage of a
hazy layer overhead. In distribution, this fallout pat-
tern is similar to that of the 1953 Crater Peak erup-
tion; tephra accumulation in Anchorage, however, was
greater in 1953 (3—6 mm; Wilcox, 1959). The maxi-
mum radar-discernible plume height during the Au-
gust 18, 1992, eruption was 13.7 km ASL at 4:55 p.m.
ADT (Rose and others, this volume), only 14 min-
utes after the onset of the main phase of the erup-
tion. Pilot estimates of the top of the visible plume
suggested actual heights may have been in excess of
18 km.

The September 16—17 eruption occurred during
southwesterly winds and the plume traveled northeast
over the communities of Wasilia and Palmer in the
Matanuska-Susitna valiey, parts of the Talkeetna Moun-
tains, the Copper River Basin, and east into the Yukon
Territory of Canada (fig. fA). The farthest reported
ash fall was in Carmacks, Yukon Territory, 860 km
from Crater Peak. Light and variable low-level winds
on September 16 and 17 accounted for aumerous re-
ports of very light dustings of ash as far south as
Anchorage. Maximum radar-discernibie plume height
was 13.9 km ASL by 2:21 a.m. ADT, September 17
(Rose and others, this volume), more than 2 hours
after the eruption began. Because the eruption occurred
at night, there were few pilot reports of column height
to corroborate this estimate.
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VOLUME OF TEPHRA-FALL DEPOSITS

Helicopter-supported mapping and road access
to Jarge areas affected by the August 18 and Septem-
ber 1617 eruptions allowed for rapid measurement of
tephra-fall deposit thicknesses within south-central
Alaska. Most data and samples were gathered within
several days to | week of the eruption. With the ex-
ception of some wetting and compaction owing to rain-
fall or incorporation of water from melting snpow and
ice substrate, no significant reworking of the deposits
was evident during collection of most samples. For
each of the three tephra-fall deposits, we collected be-
tween S and 50 measured area samples (typically 20
x 20 cm) along and across the deposit axts as far as
190 km from Crater Peak. Based on mass per unit area
data (Scott and McGimsey, 1994; Fierstein and Nath-
enson, 1992), the DRE volumes (using 2,600 kg/m3 )
calculated for each event are 12 x 106 m3, 14 x 106 m3,
and 15 x 108 m3 for the June 27, August 18, and Sep-
tember 16-17 eruptions, respectively. Bulk volumes
calculated vsing the same method and a density of 700
kg/m3 are 44 x 108 m3, 52 x 106 m3, and 56 x 105 m3.

THICKNESS OF TEPHRA-FALL
DEPOSITS

Stable wind conditions during each brief erup-
tion contributed to fairly uniform changes in thick-
ness and grain size with increasing distance from the
vent. Proximal tephra-fall deposits for each eruption
range similarly in thickness from about 1 m at the base
of Crater Peak (approximately 1 km from vent) to 10
cm at a 10-km distance (fig. 2). At a distance of 100
km, the total ash fall is only a few millimeters thick.
Over the same distance, modal grain size varies roughly
from cobble gravel near the vent to coarse sand at
100 km. Additional grain-size analyses are in progress
to further characterize the deposits.

COMPOSITION OF TEPHRA-FALL
DEPOSITS

Most tephra from each eruption consists of ju-
venile andesite fragments of two distinct colors, tan
and gray. For the August 18 ard Sepiember 16-17
tephra sequences, lower and upper stratigraphic units
(layers A and B, respectively) reflect a distinct change
in (he proportion of the two colors (table 1). Overall,
the deposits are volumeirically dominated by tan to
light-brown, slightly pumiceous, angular, equant to
pyramidal fragments of crystal-rich andesite. Many
clasts were fractured during ejection or deposition and
have one or more flat or slightly concave faces. Lapilli

(1-3 ¢cm) commonly show gradational color variations
from tan exteriors to dark-brown interiors. Inclusions
of vesiculated basement clasts; dense gray, aphyric
volcanic lithics; and rounded, sugar-textured, plagio-
clase-pyroxene crystal clots are common and are similtar
to inclusions found in the breadcrusted bombs of the
pyroclastic-flow deposits (Miller and others, this vot-
ume; Nye and others, this volume; Harbin and oth-
ers, this volume). Second in abundance are light- to
medium-gray, microvesicular, crystal-rich andesite clasts
that predominate in the upper part of the August 18
and September 16-17 tephra sections. These clasts are
smalfer in grain size and denser (table 2) thar ac-
companying tan clasts, but they contain similar lithic,
crystal-clot, and exotic pumiceous inclusions. They are
angular to subrounded and generally equant in shape.

Accidental clasts make up a small volume of the
tephra-fall deposits, These clasts consist of pre-1992
Crater Peak volcanic rocks recognized on the basis
of alteration, fragments of coarse-grained metamor-
phic and possibly plutonic basement, crystal clots, and
vesiculated clasts of basement rock (table !; Harbin
and others, this volume; Miller and others, this vol-
ume). A representative proximal sample of each te-
phra-fall unit was selected, and between 900 and 3,400
clasts were sorted and counted for each sample; per-
centages listed betow and in table 1 represent the pro-
portion of counted clasts. Fragments were classified
on the basis of gross visual characteristics. Although
these counts represent only a limited view of each
deposit, we noted no field evidence of gross spatial
changes in deposit character, and hence consider these
percentages to be good first-order representations of
each unit.
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Figure 2. Thickness of tephra-fall deposits from the 1992
eruptions of Crater Peak, Mount Spurr volcano, Alaska, mea-
sured downwind along an approximate axis of each plume.
The two most distant points for June 27 tephra were mea-
sured in the late summer of 1993 and are considered anom-
alously thick owing to percolation of the fine sand-sized
tephra across a recrystallized snow layer.



Table 1. Percentage of clast fypes for tephra-fall deposits {rom the 1992 eruptions of Crater Peak, Mount

Spurr volcano, Alaska.

{Populations determined by hand picking from size fraction larger than -1.75 phi (approximate-
ty 3 mm). Similar catculations based on weight or volume of each clast type produce nearly
identical results. See text for description of each clast type.]

Tan andesite Gray andesite  Pre-1992 Metamorphic  Total clasts
voleanics and plutonic
June 27 —cessmenieecncc s 78 14 ? 1 176!
August 18 layer A-ecomeenonnen 70 3 6 1 3355
August 18 layer B --saauiacenns 6 9) 3 0 {067
September 16-17 layer A--——— 79 15 5 1 2630
September 16-17 layer B ----- 26 &4 10 0 918

Table 2. Densittes, (in g/cm?) for selected juvenile tephea clasts from the 1992 ecuptions of Crater Peak, Mount Spurr volcano, Alaska.

(Note the similarity in component densities for August and September. Overall, June clasts of both types are 10 to 15 percent
denser than clasts from the other two eruptions. Densities were measured by M. Couchman fotlowing techniques described in

Hoblitt and Harmon (1993).]

June tan June gray August August Augost Angust Septembs September September September
layer A layer A Jsyer B Iayer B Jeyer A layer A layer B tayer B

tan gray tan gray tan gray tan gray
1.98 2.21 1.59 1.98 1,65 1.08 1.61 .85 1.54 1.83
1.56 2.08 1.52 2.07 1.57 1.98 1.60 1.75 1.65 1.93
.76 1.91 1.93 .86 132 .85 1.37 1.89 1.53 1.92
1.86 1.98 147 247 1.69 2.14 1.6% 202 1.80 270
178 214 1.67 2.07 1.55 1.80 1.86 1.87 1.73 1.99
1.92 2.38 1.69 .87 1.48 2.04 1.76 1.59 .14 2.09
1.66 2.03 1.34 1.89 1.48 2.46 1.16 1.73 1.64 2.05
1.44 1.93 {.40 1.88 1.55 2.02 153 1.47
1.93 2.72 1.87 2.07 1.53 1.93 1.71 24)
1.82 2.04 1.43 1.96 1.29 1.81 1.62 238
t.86 269 1.4} 2.36 1.62 .95 1.88 2.61
1.58 2.6 148 1R 4 158 2.56 0.98 2.71
1.58 245 1.57 2.48 1.47 1.81 .59 225
1.91 2.67 1.51 2.09 1,43 2.0 1.76 1.85
1.87 2.10 1.70 2.02 1.43 1.96 1.33 1.79
2.01 1.67 1.97 1.41 1.89 1.62
1.91 1.62 233 1.31 2.40 1.4]
1.79 [.38 1.88 1.6 1.90 1.33
1.43 1.45 1.94 1.55 2.0% 1,28
t.49 1.38 1.86 1.55 201 1.51

Average densities

1.76 227 1.5% 208 1.50 201 153 2.01 1.38 2.07

STRATIGRAPHY OF TEPHRA-FALL
DEPOSITS

JUNE 27

The June 27 tephra-fall deposit is light gray to
tan in color., moderately well sorted, and shows weak
reverse grading. Angular clasts of tan to light-brown,
poorly vesicular, porphyritic juvenile andesite are the
dominant component (78 percent; table 1), followed
by a smaller population (14 percent) of light-gray,
denser, and more finely crystalline andesite fragments.
The color and textural variation between the two coimn-
ponenis is subtle and quite difficult to discern in clasts
smaller than about 5 mm across. Pre-1992 volcanic
clasts, some altered to a brick-red color, represent 7
percent of the deposit. Nonvolcanic fragments are a

minor component (1 percent). Dry-bulk densities of
five samples with median grain sizes of 0.5 to 4.0
mm range from 1.07 to 1.32 g/em3. The tan and gray
juvenile clasts from the most proximal sample have
average densities of 1.76 and 2.27 g/cm3, respectively
(table 2).

Less than | percent of the June 27 tephsfa con-
sists of subangular to subrounded clasts of light-tan,
light-gray or white, sugar-textured, and pumiceous {den-
sity less than 1.0 g/cm3) mixtures of feldspar, quartz,
scattered mafic minerals and silica-rich glass, here re-
ferred to as “silicic pumice” (Nye and others, this vol-
ume). These exotics represent entrained basement rock
(Miller and others, this voiume:; Harbin and others,
this volume). They are found predominantly on the
surface of the June 27 (and subsequent) tephra-fall
sequences, which probably reflects their low density
and longer residence time in the tephra plume,
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AUGUST 18

The main August 18 tephra-fall sequence (fig.
3) consists of a weakly developed, [ine-grained basal
unit (Layer A’), a moderately well sorted, light-gray
to tan, reversely graded unit (layer A) that represents
from 60 10 75 percent of the total thickness of any
given section, and an upper. well sorted. dark gray,
ungraded unit (layer B). Layers A and B are discern-
ible in proximal sections and in hin (less than 2 mm
thick) distal tephra deposits as much as 170 km cast
of Crater Peak.

At three localitics 6 (0 14 km downwind {rom
Crater Peak, a discontinuous, thin (less than 1-2 nim)
dark-gray, medium-grained sand horizon is present
beneath layer A. This layer (A’ ) was 100 thin lo sample
and was not observed with confidence al all August
L8 tephra sections.

Approximately 70 percent oi [ragments within
layer A consisls of juvenile, tan, slightly pumiceous,
phenocryst-rich clasts. Twenty-three percent of layer
A consists of smaller juvenile fragments of andesite
that are light to medium gray, microvesicular to dense,
and contain sparse lithic inclusions. Clasts that con-
tain both (an and gray components are rare, and in
these clasts the boundaries between the tan and gray
components are sharp and ecasily recognized on the
basis of color and vesicularity. In addition to the tan
and gray clasts, there is a small (approximatiely 6 per-
cent) population of aliered volcanic rock fragments

and a small nuinber of white, dense metamorphic clasts.
No silicic pumice has been recognized in layer A
samples. Dry-bulk densilies of five samples range [rom
0.96 Lo 1.09 g/cm? for layer A. The tan and gray ju-
venile clasts from layer A have average densities of
1.55 and 2.05 g/cm3, respectively (lable 2).

Mosl fragments (91 percent) within layer B con-
sist of juvenile, microvesicular to dense, lighl (o mc-
dium gray andesite that are similar to the gray frag-
ments of laver A, Tan clasts similar lo (he dominant
component of layer A make up only 6 percent of layer
B. Three percent of layer B consists of pre-1992 vol-
canic clasts and there are only rare fragments ol dense,
white metamorphic rock. Scuttered on the surface of
Jayer B are subangular 1o subrounded clasts of Jight-
lan 1o white silicic pumice fragments. Layer B is finer
grained at a given distance from the ven( than layer
A, and it has a dry-bulk density of 1.13 to 1.34 g/cm3,
which is approximately 30 percent higher than thal
of layer A. Average lan and gray clast densities are
1.50 and 2.01 g/cmi. respectively (table 2).

In addition to the continuous lephra sequence
described above, a prominent ballistic impact zone
occurs along the southern margin of the proximal Au-
gust )8 tephra fall. Extending as much as 10 km
from the vent (Waiit and others, this volume). this
shower of juvenile and accidental blocks as Jarge as
] m across occurred primarily late in the eruption,
following the main phase of tephra emission (Miller
and others, this volume; Waitl and others, this volume).

Figure 3. A |6-cm-1hick tephra-fzll deposit from the August 18, 1992,
eruplion, located approximately 6.4 km easl of Craler Peak, Mount Spurr
volcano, Alaska. Layers A and B are labeled. Note reverse grading of
layer A. Section rests on sandy tephra from a 1990 eruption of Redoubt
Volcano (light horizon: see arrow). Spatula is 23 cm long.
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With increasing distance along the axis of the
deposil, the color change in the September 1617 te-
phra fall becomes more distinct. About 250 km away,
at the northern edge of the deposil, the ash is very
light in color, presumably reflecting dominance ol the
tan juvenile component (layer A?). At the southern
margin, Lhe ash is noticcably dark and probably rep-
resents the gray juvenile component (layer B?). Given
measurable density differences in both dominant clast
and bu)k densities betweon layers A and B of 15 to
30 percent (table 2), such usymmetry could retlect
within-plume sorting due to slight variations in wind
direction with altitude or over the course of the erup-
tion, simitar to that documenicd at Mount St. Helens
in (980 (Sarna-Wojcicki and others, 1981; Waitl and
othiers, 1981).

Ballistic emplacement of coarse breadcrusted
bombs consisting principally of tun and gray juvenilc
componenlts and a smaller lithic component occurred
during the Seplember 1617 eruption, Within approxi-
mately 10 km of the vent, along the southern margin
of the tephra-fall ficld, lupilli and bombs were de-
posited along a narrow corridor. In the snowpack, the
ballistic horizon consisted of isolated bombs and lapilli
in a matrix of snow and ice that extended down as
much as a meter (fig. 5). This disseminuated deposit
was produced when hot ballistic ejec(a impacted snow,
differentially melling downward depending on the sizc

of cach clast. Melted entry trails were subsequently
refrozen Lo form ice stringers, In parl because of the
variable settling, there was no lime sequence preserved
in this ballistic depasil, hence we could not evaluate
any stratigraphic information. The collapsed thickness
of the deposit after drying ranged from 3 to 4 ¢m
between 6 and 12 km from the vent.

RELATIONS OF TEPHRA-FALL
DEPOSITS TO OTHER OBSERVATIONS

To help interpret the proximal tephra-fall record
in relation (0 eruptive processes, the following sec-
tion summarizes aspects of the liming ol tephra fall
1o pyroclastic flow formation, ballistic ejection of large
blocks, and other aobservarions.

JUNE 27

Cloud cover precluded direct observalion of the
development of the June 27 eruption column or le-
phra plume. Morcover, strong southerly winds carried
the plume northward, 180Y away (rom the path of hol-
pyroclast and snow mixtures that swepl down the south
and sontheast (Tanks of Crater Peak (Meyer and Trabant,
this volume). Hence, there is no stratigraphic infor-

Figure 5. Ballistic tephra-fall deposit from September 16-17. 1992, eruption,
located 7 km northeast of Crater Peak, Mount Spurr volcano, Alaska. Projectiles
shown here penctrated snow upon impact and left a disseminated horizon of lapilli,
bombs, snow, and ice. Dark horjzon below is the August 18 (ephra section. Al
the top is a finc ash layer that probably reflects aecolian reworking of material

subsequent to the September 16-17 event,
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SEPTEMBER 16-17

The September 16—17 falloul deposil contains
three layers {layers A’, A, and B) similar (o those
for (he August 18 tephra, however the color change
that marks the Jayer A-B (ransition is not as visually
distinct (fig. 4).

Al one locality 6.5 km from the vent. a coarse
sand unit (Jayer A’) was noled beneath the main se-
quence. A sample of this unil consists of coarse sand-
sized, crystal-rich, dense to slightly pumiceous frag-
ments. Both tan and gray colors are represented, esti-
mated visually 10 be about 60 and 30 percent, respec-
tively. A significant (approximately 10 percent) num-
ber of pariicles are strongly oxidized brick red 1o purple
in color, phenocryst-rich volcanic rock fragments or
white to gray crystalline, possibly plulonic or meta-
morphic fragments.

Layer A makes up the lawer 70 to 8Q percent of
the Llephrafall, 1s moderately well sorted. roversely
graded, and composed of 79 percent very light tan.
slightly pumiceous, phenocryst-rich clasts similar to
those in the Augusi 18 lephra. Some of these clasts
show a slight yellow tint and are among the most pu-
miceous of Craler Peak juvenile andesite tephra; a few
are highly pumiceous and probubly represent the “light-
green-gray andesite™ (a slight differenbate of the ju-
venile andesite) of Harbin and others, (this volumc).

Fifteen percent of layer A consists of smaller frag-
men(s of juvenile microvesicular to dense, light- to
medium-gray andesile. Pre-1992 volcanic [ragments
including distinctive rounded clasts of glassy black
vesicular rock make up S percenl of layer A. Aboul
1 pereent consisls of light-colored plutonic or meta-
morphic clasts. Dry-bulk densities of two layer A
tephra samples arc 1.09 and 1.16 g/cm3. The tan
and gray juvenile clasts from layer A have aver-
age densilies of 1.53 and 2.0} g/em?, respectively
(table 2).

The September 1617 layer B is ungraded and
finer grained at g given distance from the venl than
layer A. Sixty-four percent of the clasts in layer B
are light- to medium-gray, microvesicular to dense
andcsite. Twenly-six percent of layer B clasts are
lzght tan, slightly pumiceous and phenocrysi-rich.
Dry-bulk densitics of two samples are 1.24 and {.32
glem?, 15 percent grealer thun layer A. The lower
bulk density of September 16-17 layer B compared
10 August I8 layer B is reflected in the higher pec-
centage of lan clasts in the Scptember 16-17 de-
posit {1ablc 1). Average clast densitics for tan and
gray components of layer B are 1.58 and 2.07 g/em3,
respectively. Pre-1992 volcanic fragments make up
nearly 10 percent of layer B. At more distal loca-
tions (20 to 30 km from (he vent) scatiered silicic
pumice fragments litter the surface of layer B.

Figure 4. A |7-cm-thick tephra-fall deposit from the Scptember 16-17, 1992,
cruption, localed approximalely 7.2 km northeast of Crater Peak, Mount Spurr
volcano, Alaskit. Layers A’. A, and B are labcled. Note reverse grading of layer
A. Section rests on snow. Pencil in ccnter of photograph is approximately 10

cm long.
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an airborne AVO crew who reached the mountain at
about 5:50 p.m. ADT (McGimsey and Doravi, 1994).
According (o the Palmer photographs, pyroclastic flows.
indicaled by a light-tan elutriation cloud adjacenl to
the main eruption column, had already descended Lhe
soulheasl (lank by approximalely 4:55 p.m. ADT (fig.
7; P. Palmer, oral commun., 1993; Miller and others,
this volume). Scaling of pholographs ndicites an al-
titude of between 10.5 and 11.5 km ASL for the 10p
of (he main eruption plume, consistent with pilot es-
timates of at least 10 km ASL.

Seismicity indicates (hat vigorous cmission of
tephra continued until approximately 8:11 p.m. ADT
(McNuit and others, this volume). Intermilltent pro-
duction of pyroclasiic flows may have continued
throughout the ¢ruption, however the final pyroclas-
tic flows did nol extend as fur down the flank of Crater
Peak. In photographs and ivom a brici ficld inspec-
tion, these late flows were also darker in color and
contained a higher percentage of gray jnvenile bombs.
Ballistic emplacement of dense bombs, indicated by
impact craters on the surface of primary pyroclastic-
flow and tephra deposits cast of Crater Peak, occurred
during (ke final phase of the eruption (Miller and others,
this volume; Waitt and others, this volume).

No complete exposures of the tephra sequence
wnside Crater Pecak were accessible following the Au-
gust |8 eruption. However, we were able 1o briclly
examine the upper part of the xection on the south-
west rim of a basin bounded by a tephra rampart (sce
fig. 1 of Miller and others, this volume). The upper-
most unil was a fine, stratified, brown mud approxi-
mately 2 1o 6 cm thick. This mud overlay an approxi-
mately 15-cm-thick sequence of stratified, poorly sorted.

brown to black, sandy debris that included a large
percentage of oxidized fragments. The lowermos( unrit
was a gravel-boulder horizon, mare than several melers
thick. 1t showed sirong upward coarsening and many
of its angular clasts were highly oxidized. Among the
coarsest blocks at the top of this horizon were dense.
prismaticully jointed, dark-brown juvenile andesite, as
much as 50 ¢cm across, and abundant dense, light-col-
ored, aphyric to porphyritic, volcanic bombs as much
as 2 m across. This coarse ejecta within the craser is
probably correlative with the ballistic field on the south-
cast flank of Crater Peak (Waitt and others, this vol-
ume) and represents a series of closely spaced phre-
atomagmalic explosions that increased in intensity with
time a( the very end of the eruption, The sand to silt-
sized material capping lhe entire sequence suggests
that low-level phreatic (?7) emission of fine materjal
continued after emplacement of batlistics. This may
explain the intermitlent, low-frequency seismicity in
the 24 hours following the eruption, as well as a pi-
1ol report of a low (a few hundred meters above Cra-
ter Pcak) ash and sleam column visible above Craler
Peak on the morning ol August 19.

The radar record of the August 18 eruption is
only partially complete, but the maximum recorded
height of a radar-discernible plume occurred 13 min-
utes into the main phase of the eruption (Rose and
others, this volume). RSAM amplitude at station BGL
reached maximum levels rapidly, and it stayed elevated
throughout most of the cruption (fig. 6). Although the
record is hampered by saluration problems, RSAM
values apparently began to decrease by about 7:50 p.m.
ADT, approximately 3 hours into the 3.5-hour erup-
tion (McNull and others, this volume).

Figure 7. Photograph of the August 18 eruption
column and spreading tephra ciond through (he
window of a commercial flight en route to 1I-
iamna from Anchorage. View direction is approx-
imately north-northwest. The summit of Mount
Spurr 1s just visible 1o the left of the base of
the cruption column. Crater Peak is hidden be-
low a cloud layer. the top of which is about 8,500
feet (2,590 m) ASL. Small, lighter-colored cloud
(arrow) is clutriated ash from pyroclastic (lows.
Time of pholograph is approximately 4:55 p.m.
ADT. 13 minutes after the onset of the main phasc
of the cruption. The top of the eruption cloud
has reached an altitude of about 11 km ASL.
Photograph by Paul Palmer. Used with permis-
sion.
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SEPTEMBER 16-17

The September 16-17 eruption occurred at night
under clear skies. The main phase of the eruption was
preceded by an 1{-minute burst of seismicity and ex-
plosive tephra emission that started at 8:36 p.m. ADT.
This eruption was vigorous enough to produce bright
flashes on the AVO slow-scan TV camera located at
Kasilof, 120 km southeast of Mount Spurr volcano
(fig. 1A). In contrast to August 18, this opening phase
was detected on C-band radar, hence the tephra col-
umn must have extended at least 2 km above Crater
Peak (Lee Kelley, NWS, oral commun., 1993). Te-
phra fall from the first phase was difficult to iden-
tify, but at one locality the deposit consisted of a few
millimeters of coarse ash and lapilli of both juvenile
and accidental material.

The main phase of eruption began just after mid-
night. Intermittent bursts of incandescence near the
base of the eruption column were visible from An-
chorage and recorded by the slow-scan camera. Of
note is that many of the elongated light f{lashes cap-
tured on film deviate from vertical by several teas of
degrees. Miller and others (this volume) relate this
directed ejection of incandescent material to the for-
mation of coarse pyroclastic flows on the east flank
of Crater Peak. The ballistic field on the southern edge
of the September 16~17 tephra deposit may have also
formed during episodes of this directed eruption col-
umn. Hunters camped 18 km southeast of Crater Peak
described incandescent bursts related to projectile im-
pacts into debris on the glaciers east of the cone dur-
ing the first hours of the eruption; their observations
sugpest that ballistic ejection occurred over an ex-
tended period. Bomb craters on the surfaces of pri-
mary pyroclastic-flow and lahar deposits on the gla-
cier east of Crater Peak indicate that ballistic biocks
and bombs of appreciable size also fell after genera-
tion of pyroclastic flows on September 16—17. There
were no bomb craters noted in the lahar deposits that
descended the south flank of Crater Peak during the
September 16—17 eruption. This observation is con-
sistent with projectiles directed predominantly east-
ward from the vent, as indicated on the slow-scan im-
ages.

Intracrater deposits from the September 16-17
eruption are exposed in a series of scalloped headwalls
cut into terraces that ring the inner vent. On the south
margin of the crater, approximately the upper meter
consists of oxidized, bedded sandy surge deposits
capped by fine silt, which was water saturated upon
examination a few weeks after the eruption. These
sandy surges thicken toward the east sector of the crater
where they overlie a massive, poorly sorted very coarse
sand to boulder-gravel deposit, the base of which was
not exposed.

The C-band radar record of the September 16—
17 event is the best of the series and documents a
fluctuating tephra column, which finally reached a sus-
tained maximum height of 13.9 km about 2.3 hours
into the eruption (Rose and others, this volume). RSAM
values at station BGL increased gradually, remained
at high ievels between about [:30 a.m. and 3:00 a.m.
ADT and decreased abruptly by 3:10 a.m. ADT, about
3 hours into the eruption (fig 6.; McNutt and others,
this volume),

DISCUSSION

The presence of tan and gray andesite compo-
nents in all three eruptions is a primary characteristic
of the 1992 Crater Peak tephra. Although petrographi-
cally quite similar, the two components differ in den-
sity: the tan component is consistently 22 to 24 per-
cent less dense than the gray component (table 2).
And, whereas the entire tephra sequence is mixed o
some degree for all three eruptions, for August 18
and September 16-17, the tan (less dense) component
domijnates the lower 60 to 80 percent of the deposits
(layer A) and the gray component (more dense) domi-
nales the capping unit (layer B). One explanation of
this density stratification is pre-eruption zonation in
volatile content. Tan-colored clasts of layer A repre-
sent the first material erupted from the upper, vola-
tile enriched part of the magma body; gray-colored
clasts represent fragments of melt stored slightly deeper
and depleted, relatively, in volatiles. The imperfect
separation of components (mixing of tan and gray
within layers A and B) may reflect nonuniform with-
drawal of magma from the conduit (Blake and Ivey,
1986).

If the layer A-B divisions within the Auvgust 18
and September 16-17 deposits reflect a change in mag-
matic volatile content, a coincident and measurable
change in the behavior of the eruption column might
be expected. To test this, we superimposed a sche-
matic representation of the fallout record on plots of
RSAM, the only independent instrumenta) measure of
eruption intensity avaitable for the entire eruption series
(fig. 6). To construct figure 6, seismicity, pilot re-
ports, radar datg, the few eyewitness observations, and
sjow-scan video were used to roughly constrain the
period of tephra production. Note that we have as-
sumed by the superposition of the RSAM record over
the schematic tephra-fall section that there is an in-
stantaneous relation between seismicity and tephra
accumulation; in reality, there must be some delay.

For the June 27 eruption, there is no break in
tephra-fal} stratigraphy where the proportions of tan
to gray components change. Hence, based solely on
field observations and the samples in hand, we can-
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magma chamber. This final possibility is supported
to some extent by the recovery of rare, light gray,
moderately siliceous pumice lapitli from the June 27
eruption, which are similar to the divergent tephra
samples in Cs, Ca, Th, U and, to a lesser extent, Cr
and Ni (Nye and others, this volume).

Finally, the gray tephra samples that are chemi-
cally unlike the andesite have compositions governed
by chemical heterogeneities on a very small scale (about
10 g of material). Only when small sample amounts

TAN TEPHRA

were analyzed were heterogeneities found, and the
magnitude of those heterogeneities varied between
splits. When larger samples (greater than 50 g) were
processed, the tephra analyses were generally closer
to that of the andesite. In summary, both tan and
gray tephra are chemically similar or identical to the
1992 andesite and to each other. Differences that can
be found are slight and related to contamination by
poorly understood components on a very localized
scale.

GRAY TEPHRA
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Figare 8. Whole-rock majoe- and trace-element compositions of sclected tan and gray tephra lapilii
from the 1992 eruptions of Crater Peak. Mount Spurr volcano, Alaska. FeO, = FeO total. Dark lines
represent one standard variation about the mean of (8 juvenile andesite blocks {rom all phases of

each ecuption (see Nye and others, this volume}.
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Figure 9. Variations of CaO and Th with Cs. Filled circles, analyses of partially melt-
ed ajuminous metamorphic xenoliths ejected during the 1992 eruptions of Crater Peak,
Mount Spurr volcano, Alaska (see Nye and others, this volume); X, tan and gray te-
phra analyses of fig. 8; and +, average analysis of the 1992 juvenile andesite blocks (+
spans one staadard deviation about the mean of 18 samples). Note that the majority of
tephra are similar to the andesite and that those dissimilar from the andesjte do not

form mixing arrays with the xenoliths.

SUMMARY

Three vulcanian to subpliniac eruptions of Cra-
ter Peak at Mount Spurr volcano during 1992 pro-
duced tephra-fall deposits that extend north, north-
east, and east of the volcano. The eruptions were similar
in magnitude, style, and duration and produced, re-
spectively, 44, 52, and 56 x 106 m3 of bulk tephra
(12, 14, and 15 x 10% m3 DRE) in 3.5 to 4.0 hours of
vigorous eruption. Measured thicknesses ranged from
about 1 m at the base of the vent to {ess than 1| mm
at a distance of 200 km from Crater Peak.

Faliout tephra from the 1992 eruptions of Cra-
ter Peak consists predominantly of two texturally dis-
tinct but chemically similar juvenile andesitic com-
ponents. Density data suggest that prior to each erup-
tion, a physically zoned magma body existed beneath
Crater Peak. The zonation is best explained by up-
ward migration of volatiles and formation of a gas-
charged upper part of the chamber. The presence of
both components in all three eruptions suggests that
such zonation can develop rapidly (that is, within 4
to 6 weeks, the time intervals between eruptions). Al-
ternatively, each eruption may have tapped only a part
of an jnitially zoned chamber emplaced prior to the
first eruption on June 27. Minor settling of mafic phe-
nocrysts, contamination of juvenile andesite by remelted
country rock, incorporation of a highly fractionated
dertvative of the juvenile andesite, and vapor-phase
transport of some eiements may account for observed
small geochemical variations of individual tephra clasts.

Future analytical work on the Crater Peak te-
phra-fall deposits will focus on clarifying the extent
and nature of small-scale geochemical heterogeneities;
quantifying vesicularity, pbenocryst, and groundmass
textures to address the root cause of the systematic
density differences (Gardner and others, 1993); and
examining clast grading and density characteristics in
more detail to reconstruct changes in eruption-column
energetics through each event.
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ABSTRACT

Two of the three 1992 eruption events at Crater
Peak generated pyroclastic flows on the flanks of the
cone. The pyroclastic-flow deposits are very coarse,
generally fines poor, poorly sorted, and clast supported,
60 to 80 percent of the clasts are dense to slightly
vesiculated cobble to boulder-sized blocks of juve-
nile andesite. Accessory and accidental clasts are chiefly
fragments of lava but include some spectacularly ve-
siculated metasedimentary rocks (buchites). The py-
roclastic flows traveled a maximum distance of about
3.2 km and had a combined bulk volume of aboui
400,000 m3, or less than 0.5 percent of the bulk vol-
ume of the entire eruption. They were avalanches of
hot debris that produced sluggish, poorly inflated dense-
clast flows. The flows may have been generated at
least in part by directed ballistic ejection of debris
rather than by “boilover” through a low point on the
crater rim. The lack of correlation between the distri-
bution of pyroclastic flows and the low part of the
crater rim has important implications for hazard analysis
of vulcanian and subplinian eruptions elsewhere be-
cause it reminds us that all flanks of a volcano can
be at risk from pyroclastic flows.

INTRODUCTION

Crater Peak, a 2,309-m-high satellite cone on the
south ftank of the Mount Spurr volcanic center 125
km west of Anchorage erupted on June 27, August
18, and the night of September 16-17, 1992 (see
Eichelberger and others, this volume) after 39 years
of quiescence. The three eruptions were similar in that

they each produced vulcanjan to subplinian eruption
columns as high as 18 km above sea level, formed
extensive bomb fields, lasted 3 to 4 hours, erupted
pyroctastic material only, bad ejecta bulk volumes of
44 to 56 x 106 m3 each (see Eichelberger and others,
this volume), and were of andesitic composition. The
July 9, 1953, eruption, the only other historic Craler
Peak eruption, had similar characteristics, according
to the fragmentary accounts available (Juhle and
Coulter, {955).

Crater Peak is capped by a circular summit cra-
ter 300 m deep and 800 m in diameter (fig. 1); rim
elevation ranges from 1,980 m (6,500 ft) at the low
point on the south-southwest to 2,309 m (7,575 ft)
on the northeast, Before the initial June 27 event, the
crater contained a considerable thickness of ice, snow,
and an 800-square-meter lake. Most of the ice and
snow was melted or removed during the 1992 erup-
tions, particularly the one on June 27: the lake disap-
peared a few days before the June 27 eruption. A ter-
race of 15 m or more of massive, locatly well bedded
surge deposits capped by 1 to 2 m of fine ash formed
in the southern third of the crater during the June 27
eruption; 1- to 2-m lithic blocks were scattered across
the surface of this terrace. Later eruptions modified
this feature into two tephra-covered terraces that now
occupy the southern two-thirds of the crater.

The crater walls changed little during the 1992
eruptions other than steepening of the north wall. The
eruplive vent, estimated by aerial observations to be
less than 30 m across at the surface, is in the north-
west and deepest part of the crater about 70 m below
the surface of the lower terrace.

Small-volume, dense-clast pyroclastic flows moved
down the outer south and east flanks of Crater Peak
cone duning the August 18 and September 16-17 erup-
tions (fig. 1). During the June 27 event, either pyro-
clastic flows were not generated or were turned quickly
into “snowflows” or “mixed” flows (see Waitt, this
volume). The total volume of the pyroclastic-flow de-
posits is estimated at 0.4 x 106 m3, or less than 0.05
percent of the approximately 150 x 108 m3 bulk vol-
ume of the 1992 eruption products (see Eichelberger
and others, this volame).
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Similar pyroclastic flows, often called scoria
flows. have becn reported from historic eruptions at
Ngauruhoc volcano in New Zealand (Nairn and Self,
1978) and at Manam volcano io the western Bismarck
arc near Papua, New Guinca (McKee. 1981). Such flows
are commonly thought to have formed by column col-
lapse or by boilover of a low eruption column (Cas
and Wright, 1987) and flowage through low poinis
on crater rims. The limited distribution of the Crater
Peak pyroclastic flows and the lack of any associa-
ton with low points on the crater mim suggest that
other mechanisms were responsible for their forma-
tion. This possibility is important for assessing haz-
ards from similar eruptions elsewhere. Because pyro-
clastic flows were not observed during daylight hours,
the processes that formed them must be inferred.
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DISTRIBUTION

Crater Peak is bounded on the narth, west, and
casl by glaciers (fig. 1). The August 18 pyroclastic
flows moved down Lhe steep (31° to 7°) south and
southeast Manks of Crater Peak to clevations of 820
to 1.000 m (2,700 to 3,300 M) a1 distances of as much
as 3.2 km {rom the crater rim. The flows were chan-
neled into gollies, where they formed elongate lobes
of debris (fig. 1) with steep-sided margins and flow
fronts 0.5 to 1.5 m high. The westernmoslt flows of
the Auvgust 18 cruption were channeled into a well-
developed, intermiltent stream drainage (informally
known as Wilton's Watk: figs. | and 2) on 10p of thin
snowflows of the June 27 cruption. The easlernmost
pyvociastic flows followed swales and tow gullies lined
with brush and other low vegetation. None of the py-
rociastic flows descended Lo tree line.

Moslt of this report is based on study of the Au-
gust |8 pyroclastic-Tow deposits, which are the most
accessible—although lahars from the Scptember 16-17
eruption overlapped many of the August pyroclastic-
flow deposits in Wilton’s Walk gully. The Seplember
16—-17 pyroclastic flows moved down the east-north-

<« Figure 1. Crater Peak area of Mount Spurr volcano, Alas-
ka, showing distribution of pyroclastic-flow deposits and
tephra accumulation zones from the August 18 and Sep-
tember (6-17, 1992, cruptions and the August 18 bomb ficld.
Bomb fjeld from September 16—17 eruption not completely
mapped because of inaccessibility.

east flank onto a high ice field (fig. 1), causing much
meltine of the icc and were soon (ransformed into
lahars; access (0 these pyroclastic-flow deposits is dif-
ficult and hazardous.

The pyroclastic-flow deposits of the August 18
and September 16—17 eruptions have a close spatial
association with large bomb fields (figs. 1 and 3) that
covered areas of 7 and 2 km2, respectively. Field re-
lations show that for the August eruption, most of the
bombs were ejected afier the pyroclastic flows were
emplaced (see Wailt and others, this volume).

Figure 2. Vicw of south flank of Crater Peak cone (sum-
mit obscured by clouds) with pyroclastic-flow deposit in
foreground. Prominent drainage. locally known as Wilton’s
Walk, was the site of numerous pyroclastic ffows during
August 18 eruption and lahars during the September 16—
17, 1992, cruptlion.

Figure 3. View toward southeast of bomb field developed
on top of the August 18 pyroclastic-flow depusits, south-
cast flank of Crater Peak, Mount Spurr volcano. Alaska.
Craters in foreground are 3 to 5 m in diameter.
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Figure 8. View 1o northwest of terminus of overlapping Au-
gust 18 pyroclastic-floaw deposits in Wilton's Walk. These
deposits were prodoced from cruption of Crater Peak vent,
Mount Spurr volcano. Alaska. Width of pyroclastic-fiow de-
posit al Lerminus is about 15 m.

DISCUSSION

The pyroclastic {lows at Crater Peak were prob-
ably emplaced episodically during each eruptive epi-
sode. The distribution of the small-volume pyroclas-
tic-flow deposits indicates that they did nol result from
boilover through fow points on the crater rim or through
column collapse because apparently no pyroclastic flows
(raveled through the low point of the Craler Peak sim
during any of the three eruptions. Indeed, the pyro-
clastic-flow deposits of August |8 and Seplember 16-17
are downslope from some of the highest parts of the
crater rim (2,200 (o 2,290 m; (ig. }) on its eastern
SECIOr.

Some of the pyroclastic flows, particularly from
lhe September 16-17 eruption, could havc originated
from asymmetrical collapse of an eruption column,
because they were entirely contained within the te-

phra-fall area of that eruption (fig. 1). The short (about
3 km) runout distances of the pyroclasiic flows sug-
gests thal the debris forming the pyroclastic flows did
not ris¢ high in the eruption column. Prevaiting winds
would seem unlikely 10 have a strong influence on
the collapse pattern of such coarse material.

The zones of accumulation for the Augusl and
Seplember pyroclastic flows are each spatially asso-
ciated with large ballistic bomb fields (fig. 1). This
associalion Suggests that ballistic ejection from a con-
fincd and inclined vent may have been a factor in
their formation. Numerous modest explosions from an
inclined or shiclded venl may have repeatedly reamed
the conduil of high-viscosily andesitic magma that was
alrcady extensively degassed and that occupied Lhe
uppermosl part of the conduit. Some of these explo-
sions may have resulted from clasts too large to be
expclied accumulating in the vent until it became tem-
porarily choked. The resulling incsease in pressure
caused the expulsion of a mass of coarse debris. These
slugs of sliff, briltle, and fragmenting magma were
expulled to altiludes generally high enough (probably
<l km) 10 clear the northeast and east crater walls
(about 310 m) belore falling back to form heavy, near-
vent tephra deposiled near (he angle of repose on steep
slopes. This malerial was quickly mobilized into coarse
avalanche-like pyroctastic flows thal moved downslope
and into gullies that Jead out of the fall-out zone.

The difference in distribution of the August and
September bomb fields may reflect a change in the
location and inclination of the aclive vent. Aerial ob-
servalions indicate thal the active vent shifted between
eruptions from the north-central part of the crater in
Iune (o a location against and slightly beneath the
overhanging northwest crater rim by September. The
steep north and west walls of the vent arca and a re-
sis(ant east-west buttress immediately south of the vent
would block ballistic material going in those direc-
vons and favor ejection to the casl, as was appar-
ently noticed on the remote slow-scan TV on Sep-
lember 16~17.

The lack of pyroclastic flows associated with the
June 27 eruption may reflect ballistic material from
this eruption being deposited in the proximal area
around the cone on 1 high, relatively flat, undulating
ice field rather than on a steep-sided cone surface.
The thick pre-eruption crater (ill may also have in-
hibited thc early generation of pyroclastic flows by
ballistic fountaining, whereas during the later erup-
tions an “open vent” situalion prevailed.

The lack of correspondence between the distri-
bution of pyroclastic flows and the low part of the
crater rim and the possibility of ballistic emplacement
of pyroclastic flows has important implications for
hazard analyses of volcanoes prone to vulcanian or
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COMPOSITION

The pyroclastic-flow deposits are very coarse,
clast supported, and generally fines poor (fig. 4). Mosi
clasts (60 1o 80 percent) consist ol dense o slightly
vesiculated (15 to 20 percent vesicles), dark gray to
brownish-black compositionally homogeneous, porphy-
ritic juvenile andesite (56 to 57 percent SiO,. 1able
1; see Nye and others, this volume); this material forms
blocks as large as | m in diameter. The andesite con-
tains about 20 percent phenocrysts consisting of pla-
gioclase, clinopyroxene, orthopyroxene, iron oxides,
and sparse hornblende in a microlite-rich groundmass
of brown andesitic glass. A second and comparatively
minor type of juvenile clast is a light gray-green andes-
ite scoria that is compositionally similar to the dark
andesite in spite of containing a clear rhyolite glass
in the groundmass (see Nye and others, this volume).

Lithic clasts, mostly accessory but including a
few accidental ones, are the second most abundant
clast type (20 to 40 percent) and are typically quite
large (as much as 2 m in diameter). The accessory
clasts are chiefly unaltered andesite and basah that
were probably picked up from the conduit and the
crater walls; accidental clasts were obtained from lava
flows exposcd on the flanks of Crater Peak. Some clasts
of indurated pre-1992 pyroclastic material are also
present. Accessory and accidental lithic contents of
several pyroclastic-flow deposits from August I8 in-
crease from west to east across the southeasi flank of
the cone.

Figure 4. Dense clast, fines-poor August 18 pyroclastic-
flow deposits in Wilton’s Walk. Photo taken August 20, 1992,
2 days after eruption of Crater Peak vent, Maunt Spurr vol-
cano, Alaska.

Table 1. Chemical analyses of juvenile andesite clasts in August
I8 and September 16-17 pyroclastic flows (see Nye and others,
this volume).

Table 1. Chemical analyses of juvenile andesite clasts in
August 18 and September 16-17 pyroclastic flows (see Nye
and others, this volume).

August 18 September (7

Si0p 56.5 5873
AlaOn 19.2 18.7
FeO 6.9 7.0
MgO 36 3.7
Ca0 7.6 1.5
NazO 4.1 40
K0 o 9
TiOy 67 68
P205 .29 28
MnO A5 A5 B

Total 99.9 98.6
Number of > 4

analyses

Particularly exotic metamorphic xenoliths make
up less than 0.05 percent of the clasts in the flows,
but they are important for determining the type (and
depth) of wallrock enclosing the crustal magma cham-
ber in which the andesitic magma may have resided
immediately before eruption. These xenoliths consist
of highly expanded pumice-like material (hat forms
smooth rounded clasts as much as 60 cm in diameter.
This partly glassy material is composed of plagio-
clase+orthopyroxeneksillimanitexbiotitetcordi-
critetspinelfgarnettquartz and has SiO, contents
of about 65 percent (see Harbin and others, this vol-
ume). The clasts have a well-developed composition-
al banding and range from slightly to highly vesicu-
lated. Similar material at Ngausuhoe, New Zealand,
was described as “quartzofeldspathic gneisses” or “bu-
chites™ that have been “frothed” (Steiner, 1958; Nairn
and Self, 1978; Graham and others. 1988).

A less abundant but equally exolic component
is a white, fine-grained, sugary-textured rock composed
of plagioclase+quartz+glass. This material is friable
but occurs in blacks as large as 60 ecm and it makes
up less than 5 percent of the exotic lithics. Rounded
pieces of this material as large as 15 cm across have
been found in juvenile andesite blocks. Contacts be-
tween the two malterials are sharp suggesting only minor
interaction between the “white-rock™ and the andes-
itic magma. This relation was observed in tephra frag-
menlts as well (sec Neal and others, this volume; Harbin
and others, this volume).

A few clasts of dense white garnetiferous calc-
silicate skarn as much as 20 cm in diameter were found
in the castern pyroclastic-flow deposits of August 18.
The garnets form large (1.5 cm) euhedral amber-col-
ored porphyroblasts in a dense mosaic of wollasto-
nite and plagioclase.
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ABSTRACT

Crater Peak vent at Mount Spurr volcano in
Alaska ejected large ballistic blocks and bombs south-
east from the vent near the end of the August 18,
1992, subplinian eruption. This eruption produced the
mos1 extensive bombfield of the 1992 eruptions. Lithic
and juvenile andesite ballistic projectiles range in di-
ameter from less than 10 cm to 2 m, and they range
in density from 1.20 to 2.75 g/em3. Lithic ballistic
clasts are angular and blocky while caufiflower bombs
are common among juvenile clasts, both typical of
hydromagmatic explosions. As the eruption waned,
ground water from the cone may have poured into
the vent along with ejecta fallback and talus to fuel
hydromagmatic explosions.

We estimate initial velocity needed to eject blocks
to the observed 2 to 4 km and more from the vent by
iteratively calculating the points of hypothetical tra-
jectories, Drag influences the range of the blocks but
is poorly constrained for jrregularly shaped volcanic
ballistics because it varies enormously with various
combinations of shape, orientation, roeghness, and
velocity. For ballistics of 25 cm and larger that landed
within 3.5 km of the vent, drag coefficients vary be-
tween 0.06 and ).S for spheres and cubes, and they

yield calculated vent velocities of 155 to 840 m/s;
smaller and more distal clasts yield values impraob-
ably as much as several times higher, Ballistics larger
than 10 ¢m apparently traveled much of their trajec-
tories in a range of very high Reynolds numbers, be-
tween 4x105 and 1x107, where drag on smooth spheres
is as low as 0.06. In contrast to previous studies on
volcanic ballistics, we infer that with low drag coef-
ficients relatively small bailistic clasts can achieve fairly
long range even with moderate ejection velocities.

Many impact craters along the southeast azimuth
from the vent are aligned not directly southeastward
but more nearly south. This southward deviation is
typically 20° to 40°, the maximum deviation 67°—
despite westerly wind that tended to shift trajectories
east. A pitched baseball curves in the direction of ap-
plied spin (Magnus effect). Thus many projectiles ap-
parently had strong angular velocity about near-verti-
cal axes. The deviant projectiles at Crater Peak ap-
parently acquired clockwise spin (when viewed from
above) while being ejected from the vent.

INTRODUCTION

Crater Peak vent at Mount Spurr volcano ejected
farge ballistic blocks and bombs during all three erup-
tions of 1992. Ballistics flew north during the June
27 eruption, east-southeast during the August 18 erup-
tion, and east during the September 16-17 eruption.
The bombfield of the Aungust eruption, which js scat-
tered over an area of at least 12 square kilomeiers
and extends more than 8 km east-southeast of the vent
(figs. 1, 2, 3), is the most extensive and accessible
bombfield of the 1992 eruptions.

Between the June 27 and August 18 eruptions,
the vent shifted to the northwesternmost part of the
crater, tight against and even slightly beneath the steep
northwest (southeast-facing) crater wall (fig. 2). This
position promoted cjection of debris preferentially
southeastward. Thus pyroclastic flows of the August
eruption were launched over the southeast crater rim
rather than flowing south through a deep, wide breach
in the crater rim (fig. 2) (Miller and others, this vol-
ume; Waitt, this volume).
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Figure 1. Index map of Cook Inlet area, Alaska, showing [ocation of Mount Spurr volcano.

On the southeast flank of Crater Peak cone the
August 18 bombfield comprises thousands of craters,
bombs, and bomb fragments. Visible on 1:30,000-scale
aerial photographs, the largest (>2 m diameter) and
most concentrated craters extend up to altitude 1,375
m (4,500 ft) at range 1.8 km southeast of the vent.
Above that level the slope consists of rock and is too
steep for bombs to make impact craters. The abun-
dantlty cratered part of the field extends down to alti-
tude 835 m (2,740 ft) at range 3.4 km from the vent.
The density of large (2-5 m diameter) bomb craters
is five per 100 square meters, estimated from aerial
photographs. The actnal number of bombs and cra-
ters including those below the resolution of the pho-
tographs (less than 2 m diameter) is at least an order
of magnitude larger.

From field and aerial-photograph observations at
several adjacent sites at range about 3.3 km, pearly
as many large impact craters (>1 m diameter) per unit
area are apparent on pyroclastic-flow deposits of the
August eruption as just beyond flow margins. At range
8 km where the ballistics overlapped the field of con-
tinuous subplinian fall, the ballistics formed small cra-
terlets in the much finer grained fall deposit. There-
fore most of the ballistics came near the end of the

eruption after pyroclastic-flow and fall deposits were
emplaced. Yet near range 3.3 km a pyroclastic-flow
margin overlapped two impact craters, and so some
of the ballistics clearly fell before the most extensive
pyroclastic flows had occurred.

CHARACTER OF PROJECTILES
PROPERTIES

Ballistic projectiles range in diameter from about
2 m to 8 cm or less. Those larger than 30 cm are
lithic. About half the projectiles smaller than 15 cm
are fresh juvenile andesite, like that composing pyro-
clastic-flow deposits of the eruption (Miller and oth-
ers, this volume); half are lithic cognate andesite and
accidental basaltic andesite. The measured densities of 56
projectiles collected at sites 2.9 to 8 km from the vent
show a wide range of 1.20 to 2.75 g/cm3 (fig. 4). If

Figure 2. Distribution of August 18, 1992, eruption prod-
ucts, including field of bomb craters. »
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a dense-rock equivalent density (p4) of 2.6 g/cm3 (Hall,
1987, table 9) is used for andesite, these clast densi-
ties (p.) can be converted into vesicularity percent
(V(%)) by the relation V(%) = 100(p, - p.)/py (Houghton
and Wilson, 1989). The median vesicularity for eight
density classes ranges from 0 to 50 percent (fig. 4).

The shapes and densities of gravel-sized clasts
reveal something of their history (Houghton and Smith,

1993). Most Crater Peak ballistic clasts are angular
and blocky. All clasts denser than 1.9 g/cm3 are but
slightly vesiculated, have angular edges and blocky
shapes (fig. 5), and are very hard under the hammer—
clearly lithic. Most juvenile clasts are less dense than
1.8 g/cm3, have microcauliflower surface texture on
unbroken faces, are conspicuously vesiculated, and are
completely unaltered. Many juvenile clasts have bro-
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Figure 3. View north of Crater Peak on south
Mank of Mount Spurr volcano, Alaska. Right
(south) margin of ficld of ballistics thrown by
August 18, 1992, cyuption approximately shown
by dashed line. Ficld probably extends north be-
neath area covered by fall and flows of Septem-
ber 1992 eruption. Photograph taken July 27,
1993.

43
14 ~‘ Total number of clasts = 56

Figure 4. Density distribution of ballistic clasts of August
eruption from sites 2.9 to 8.0 km from vent. Calculaled ve-
sicularity is also shown (at tops of columns), calculated from
an assumed dense-rock-eguivalent density of 2.6 g/cm?. Neg-
ative vesicularilies resull from some basaltic-andesite acci-
dental lithic clasts being denser than the assumed 2.6 glem*;
the area above the line drawn through the 1wo right-hand
columns hypothetically distinguishes them.

NUMBER QF CLASTS

1.1 13 15 17 189 21 23 25 27 29
DENSITY CLASS, IN GRAMS PER CUBIC CENTIMETER

JUVENILE  LITHIC

Figure 5. Shapes of small ballistic c)asis
from the August 18, 1992, eruption of Cra-
ter Peak vent, Moun( Spurr volcano, Alas-
ki AL center of juvenile group is a small
caulitlower bomb, a scarcely vesicular ju-
venile lithic. The three in lower left are frag-
ments of cauliflower bombs. Bar scale di-
visions are S cm.
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ken faces (fig. 5) and show a moare vesicular interior
and a poorly vesicular exterior. Some juventlc lithic
clasts have a more vesicular interior and a scarcely
vesicular “lithic” surface. The wide range in density
does not vary with throw distance (fig. 6): lithic and
juvenile andesite apparently were ejecied and 1rav-
eled together.

Cauliflower-shaped bombs are common among
the juvenile clasts (fig. 7). Where best formed, the
distinctive texturce is nearly 1denlical to bombs photo-
graphed from clearly hydromagimatic deposits at Svriscy
in lecland, West Eifel maars in Germany, and Ukinrck
maars in Alaska (Lorenz, 1974. Lorenz and Biichel.
1980; Sell and others, 1980: Lorenz and Zinunowski,
1984). At Crater Peak, bombs 10 to 15 cmn in diam-
eter that were embedded in turl 3 (0 4 km downrange
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Figure 6. Density of ballistic clasts of August 18, 1992,
cruption of Crater Peak vent. Mount Spurr volcano, Alaska,
plotted agatust range of throw

Figure 7. Cauliflower bombs thrown by Au-
gust 18, 1992, eruption of Craler Peak venl,
Mount Spurr volcapo, Alaska. One on left
is 12 cm across, that on right 9 cm.

are cauliflowercd on top and boltom alike. Because
their bottoms were not notably flattened nor (heir fine
texture destroyed, they must have cooled enough (o
be no longer plastic and deformable upon impact—
though they remained hol enough to scorch vegeta-
tion beneath them. Many juvenile clasts 2 1o S cm in
diameter are fragments of cauliflower bombs. Typi-
cally a third (o a half of such a clast is gray to light
brownish gray (I0YR &/1 0 6/2) and hus a micro-
caulitlower texture, while the clearly broken faces
bounded by sharp angles on other paris ol the clast
arc dark gray to very dark gray (SYR 4/) to 3/1). In
most such clasts, vesicularity nolably deccereases from
50 to 30 perecent at broken (formerly interior) fuces
to 15 10 5 percent within 5 mm of the microcauliflow-
ered surficral face.

The size of largest projecliles decreases sharply
with throw distances (range) southeast from the vent
(fig. 8). Three axcs—the maximum, intermediate, and
minimum dianicters—were measured (or many clasls,
but beeause maost of the projectiles are subequant to
cquang, only the intermediate axis is recorded for most
of them. The outer limit of large projectiles is [airly
sharp: those 40 1o 200 c¢m in iniermediale diameter
stop at horizonial range 3.2 km. those 20 to 40 cm in
diameter stop al 3.6 kin, and those 10 10 ¢cm in diam-
cler stop a1 3.8 km. Projectiles 1 10 10 ¢m in diam-
eter lie throughout the range 2.5 to 8 km. The plot
can be interpreied in scveral ways. First, the steep
decrease in large clasts and the long range of small
ones may reflect a steeply logarithmic decay of a single
population. But sccond. an outer fimit of one poputa-
von of large (>15 ¢m) clasts may exisl whereas a sec-
ond population of |- Lo 10-cm clasls extends oul 10
at least & km.
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Figure 8. Inlermediate projectile diameter plotted as a func-
lion of range of throw. Projectiles from August 18, 1992,
eruption of Crater Peak vent, Mount Spurr voicano, Alaska.

UNEVEN TEMPERATURES

Many projectiles, both hithic and juvenile, lunded
in a mal of ground-hugging (undra plams such as cari-
bou moss and scrub blueberry during growth season.
Many of the vesicular, clearly juvenile clasts larger
than about 10 cm that landed within 4 km of the vent
notably scorched the vegetation on which they came
to rest—as did juvenile clasts that tumbled off pyro-
clastic flows and descended inlo vegetated areas (Miller
and others, this volume; Waill, this volume). Yel be-
neath lithic ballistic clasts S (0 50 c¢m in diameter,
tdentical vegetation was pulverized but scarcely if at
all scorched. Among the clasts of the ballistic shower(s).
the juvenile ones clearly were much houer than the
lithic ones.

This pattern indicates that the juvenile and lithic
clasts did not reach thermal equilibrium before cjec-
tion or during flight. The lithic clasts must nol have
resided at the vent long enough to acquire as high a
temperalure as the juvenile clasts before explosion(s)
cjected them both.

Figure 9. Impact craters of blocks thrown ballistically by
1992 eruptions of Crater Peak vent, Mount Spurr volcano,
Alaska. A, shattered largish block of August 18, 1992, bomb
field, a third of the original clast is the angular block oui-
side crater. 8, Shattered block of September {7, 1992. that
impacted pyroclastic-flow deposit emplaced earlier in same
eruption.

THE 1992 ERUPTIONS OF CRATER PEAK VENT, MOUNT SPURR. ALASKA

IMPACT CRATERS

The largesi impact craters range from 3.5 10 5.5
m in diameter and arc as deep as 1.5 m. The “target”
maicrial is fairly loose, coarse, lithic pyroclastic de-
bris of the 1953 and prehistoric eruptions of Crater
Peak, mantled by a thin loam soil and tundra turf (fig.
9). Whereas the largest craters contained bombs as
large as 50 cm, most projectile blocks larger than about
35 ¢m split or shatiered upon impact, and paris of
them lie outside the crater. When reconstructed, the
largest clusts, which lie in and about the largest cra-
ters, measure 0.5 1o 2 m in intermediate diameter. Cra-
ters larger than 3 m in diameter have 2 to 4 rays of
ejected material radiating as much as 5 m downrange
from the crater rim through 90° to 160° arcs. Clasts
as small as 8 ¢m made impact craters as nmuch as
three times their diamelter.
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RELATION TO WIND, DISTINCTION FROM
PROXIMAL FALL

The south limit of fall from the convective vul-
canian column (Neal and others, this volume) is un-
certain in the area within 10 km of the veat. The south
limit of continuous fall is near the apparent north Bimit
of the balljstic field. But within a few kilometers of
vent, clasts that fell from the column can be difficult
to distinguish from small clasts that moved on ballis-
tic trajectories. During the Mount St. Helens erup-
tions of 1980, fall from eruption columns occurred
through low-level winds oblique to the high-level winds
driving the plume. Along the upwind lareral margin
in proximal areas, the fall deposit was typically dis-
continuous—ypumiceous clasts of sizes between me-
dium pebbles and small cobbles and denser lithic clasts
of small- to medium-pebble size (Waitt and others,
1981, figs. 269-273). At Crater Peak (Mount Spurr)
on August 18, 1992, low-level winds were east-north-
eastward, oblique to the upper-level winds carrying
the plume east and east-southeast (table 1).

Within the ballistic field 2 to 3.5 km from the
vent lie clasts of all sizes from 2 m to 1 cm (fig. 8).
The large (>40 cm in diameter) clasts, none of them
low-density pumice, are unarguably ballistics, as prob-
ably are lithic clasts down to 15 cm or smaller. Yet
there is no distinguishable minimum-size limit of bal-

95

listics detectable in the field. Did the 1- to 1{0-em
clasts depicted on figure 8 arrive as ballistics or as
fall? The discontinuous clasts smaller than 8 cm ap-
pear similar to the proximal falls at Mount St. Helens
along the upwind lateral margins. Yet at Crater Peak,
tithic clasts as small as 8 cm formed impact craters
as far as 8 km from the vent in the much finer fall depos-
its there. Because the larger clasts have higher termi-
nal velocities, they could not have traveled with the
finer fall materials without landing first, not last. There-
fore the farger clasts that formed small impact crater-
lets clearly were ejected later, and thus appear to have
been ballistic projectiles. Without additionpal highly
specific field data, distinction between the coarser bal-
listics and the finer fall is somewhat arbitrary.

Sparks (1986) modeled eruption columns whose
diameters typically increase upward as a funnel shape,
and Carey and Sparks (1986) analyzed fall from such
columns (fig. 10). The highest reach of the Crater Peak
eruption column of August 18, 1992, was 14 km (Rose
and others, this volume). For a column 14 km high
and a downrange wind velocity of 10 m/s, Carey and
Sparks’s (1986, fig. 14c) model predicts the outer limit
of fall of 3.2-cm lithic clasts near the cuter edge of
the large August 18 impact craters; an extrapolated
Jimit for 6.4-cm clasts lies farther ventward of the
main ballistic field (fig. 2). Thus by the plume model
of Carey and Sparks (1986), lithic clasts only as large

Table 1. Wind data for August 18, 1992, eruption in vicinity of Mount Spurr volca-

no, Alaska.

{A. Projected winds beginning 7:00 p.m. August {8, 1992]

Altitode Azimuib toward Wind velocity (nus) Wind towsrd aztmuth 135
(L) (degree) (mls)
5,000 17 48 2.3
10,000 71 5.2 2.7
18,000 72 1.t 5.0
23,000 96 1.t 8.7
30,000 104 14.7 12.7

Source: National Weather Service

{B. Balloon sounding above Anchorage at 4:00 p.m. August {8, 1992}

Altitude Azlmuth toward Wind velodty (m/s) Wind toward aximuth 135
® (degree) s
6,000 350 6.2 -3.5
8,000 30 5.1 -1.3

12,000 50 7.2 0.6

16,000 70 93 39

20,000 83 108 6.9

25,000 V15 5.9 15.0

30,000 130 22.] 22.0

Source: National Weather Service
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where z in this case is the vertical position above
the vent, and z; is the altitude of the vent above sea
level (air densities in g/cm3, altitude in meters).

Equations 2 above were integrated throughout the
trajectory using a fourth-order Runge-Kutta method,
as were those of Wilson (1972). This algorithm was
made more versatile by incorporating corrections for
tailwind velocity (w) downrange from the crater, and
an altitude difference (E) between the launch and Jand-
ing sites (§ is <O for sites that are lower than launch
site, like all calculated herein). The correction for al-
titude difference was included by simply calculating
the trajectory until the vertical position (z) of the block
reached its landing elevation (z;), which generally dif-
fers from launch ajtitude (2=0). The wind correction
was made by substituting (v,-w) for v, in equation

, 2

2a, and \V; +(Vx - W) for v in equations 2a and 2b.

DRAG

Drag coefficient Cy influences the fipal range
of the blocks enormously but is poorly constrained
for use with volcanic ballistics, for the experimental
data show that drag on a projectile varies greatly with
its shape, orientation, and roughness. Experimental
results (for example, Hoerner, 1965) indicate that Cy
for variously shaped objects traveling through fluids
varies with two dimensionless numbers that indicate
flow regime: Reynolds number (Re) and Mach num-
ber (M). Reynolds number relates the relative impor-
tance of viscous versus inertial forces in the fluid by
the relation (for external flow) Re = vdp/n, where v
is particle velocity, d is particle diameter, p ts fluid

©
o
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density, and n is fluid viscosity (“fluid” here being
air). The range of particle sizes and calculated ve-
locities give Reynolds numbers (Re) greater than or
equal to 4x105, Drag coefficient Cy for smooth spheres
is 0.06 a1 Re of 4x10% and rises gradually to 0.2 at
Re greater than about 1x107 (fig. 11) (Hoerner, 1965,
figs. 3-10, 3-11; Achenbach, 1972, fig. 4).

Most authors analyzing volcanic ballistics have
used high drag coefficients. In experiments on falling
pyroclasts, Walker and others (1971) showed that for
termina)l velocities of small particles falling at low
velocities (hence low Reynolds numbers), the relatively
high drag coefficients for cylinders were more appro-
priate than the lower coefficients for spheres. Thus
Wilson (1972) and Fagents and Wilson (1993) assumed
that C4; measured for cylinders applied to irreguiarly
shaped blocks. For such objects several other authors
have also assumed rather high values of C;, usually
around !.0 and no lower than 0.7 (Minakami, 1942;
Fudali and Melson, 1972; Steinberg and Lorenz, 1983;
Self and others, 1980; Wilson, 1980; Mastin, 1991).

Mach number (M=v/c) gives the speed of the
object (v) relative to the fluid’s sonic velocity (c).
For air under ambient conditions, the sonic velocity
is about 350 m/s. As long as objects are traveling at
speeds less than about 70 percent of the sonic veloc-
ity (that is, less than about 250 m/s), Cy varies with
Reynolds sumber only. But at Mach numbers above
about 0.7, the production of sound waves {and shock
waves when M21) dissipates energy. Drag coefficients
rise dramatically for Mach numbers in the range 0.7
to 1.5 and stabilize for Mach numbers above 1.5 (fig: 12).

To calculate ballistic trajectories for the irregu-
tarly shaped blocks at Crater Peak, we assumed drag
coefficients for spheres (which have low drag) and
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Figure 11. Low drag coefficients for smooth spheres at very high Rey-
nolds numbers (from Achenbach, 1972, fig. 4). Bar with arrowheads shows
range of Reynolds numbers calculated from initial velocities computed
for ballistic clasts from the 1992 eruptions of Crater Peak, Mount Spusr

volcano, Alaska.
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for cubes (with high drag) (1able 2). At each point in
the trajectory the Mach number (taken from fig. 12)
was used for the next calculation. Results from this
program using some typical input paramelers are shown
in figure 13 for a launch angle of 45°,

We back-calculate initial velocities for the larg-
est one or two projectiles from each small sampled
area, Altitude of impact site (Zg,, of Zg) was mea-
sured in the ficld by altimeter and plotted on a topo-
graphic map, from which range (x;) was read. We as-
sume a lithic particle density of 2.5 g/cm3 and launch
angles between 30° and 35°—the most efficient Jaunch
angles calculated by the program uader the conditions
of range less than 4 km and with impact altitude far
below launch altitude. We assume downrange windspeed
of 0 m/s; calculations with the highest permissible
windspeed (10 m/s) do not substantially affect resufts.

Our results for ballistic clasts thrown by Crater
Peak are shown by table 3, calculated using values of C,
measured for spheres and cubes. At the very high
Reynolds numbers (Re>4x105) typical for Mount Spurr

ballistics, C4 for smooth spheres can be as low as 0.06
(fig. 11) bat for very rough objects may be much higher.

For comparison to the Mount Spurr data is a
synopsis of ballistics thrown by other eruptions, cal-
culated with a constant high drag coefficient (Cy=1)
used by investigators of those eruptions, At drag co-
efficient C4=1 (table 3, col. 8), our calculated initial
velocities at Ukinrek maars and Inyo Craters—where
ballistic clasts are fairly large and maximum range
only about 700 m—are near the values 85 to 100 m/s
reporied by Self and others (1980) and Mastin (1991)
respectively. The calculated initial velocities for the
large ballistics at moderate to long distance at Asama
in 1938, Arenal in 1968, and Ngauruhoe in 1975, (195-
322 m/s) are also well below sonic velocities, more
so than originally reported (Minakami, 1942; Fudali
and Melson, 1972; Nairn, 1976).

If we use a constant Cy=] at Crater Peak (Mount
Spurr), subsonic velocities are given only by the largest
{2 m) clast thrown to moderate range, whose calcu-
lated v; is 183 m/s (table 3. cot. 8). The only other

Table 2. Drag coefficients for three-dimensional shapes.

Shape Laminar {fow Turbulent flow
Sphere —_— O 0.47 0.10
Ellipsoidal body with
circular cross section
2:1 — D 027 0.06
4:1 — > 020 0.06
pl—s < >0 0.3
Disk _— H 1.17
Cube e 1.05
— <> 0.80
60° cone —_— <] 049
Solid hemisphere:
Convex surface (o flow e G 0.38
Flat face 1o flow —_— D 1.§7

Adapted from Mironer (1979, table 8.2)
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RANGE, IN METERS
g

INITIAL VELOCITY, IN METERS PER SECOND

Table 3. Ballistics of August 1992 eruption of Crater Peak, Alaska.

clasts yielding subsonic (barely) initial velocities are
50 ¢cm or more in diameter. Ballistics 37 to 39 ¢m in
diameter even in the nearest part of the sampled range
(2.7 km) yield much bigher supersonic velocities (>400
m/s}. Calculated velacities abave 700 m/s (Mach num-
ber = 2) for projectiles of smaller size and (or) those
thrown to greater range seem unreasonably high.

If now these clasts are calculated using a vari-
able drag coefficient as low as C4=0.06—the values
for smooth spheres when Re exceeds 4x105 (fig. 11)—
ballistic clasts with diameters as smal} as 15 cm have

Figure 13. [nitial velocity of blocks ejected plotted as a
function of range assuming wingd velocity w=0 m/s, impact
akltitude below vent altitude E=0 m, density of projectiles
p=2.5 g/cm3, and the initial trajectory angle is 45° from
horizontal., Shaded cegions represent results using drag co-
efficients for cubes, thin solid lines represent results using
drag coefficients for spheres. Heavy solid lines are values
from Wilson (1972) based on drag coefficients for cylin-
ders. Dashed lines show values from the approximate ana-
iytical solution of Minakami (1942) (see also Self and oth-
ers. 1980; Mastin, 1991) that assumes a constant drag co-
efficient Cy = 1.

{Vent altitude, 1.952 m. C,, drag coefficient; Re, Reynolds number; M, Mach number]

INITIAL VELOCITY
Cgq variable with Re and M
Station No- Range Altltude Aldtude Azl Diameter Vacuum Fixed Cd Sphere (m/s) Cube (m/s)
1993 (m) (m) difTerence (degree) {am) Cg=0 Cy=1
(m) (mJs) (m/s)
kit 2700 976 976 140 37 140 432 156 342
02 2700 976 976 140 39 140 398 156 319
02 2700 976 976 140 25 140 1025 165 761
03 2700 968 984 140 9 140 Infigite 194 Infinite
04 2900 961 991 133 SO 145 331 160 277
05 2950 930 -1022 133 50 146 340 162 283
.06 2950 930 -1022 133 20 146 3400 184 2411
.08 3200 891 -106§ 132 200 154 183 157 175
09 3400 857 -1095 133 17 159 Infipite 219 Infinite
.10 3400 851 -§101 134 8 159 infinite 216 Infinite
A% 3300 866 -1086 134 31 156 914 188 839
12 3500 836 1116 137 40.5 162 672 189 534
12 3500 836 <1116 137 1S 162 Infinite 245 Infinite
13 3700 817 -it35 138 1 167 Infinite 604 Infinite
.44 3800 787 -1165 139 20 169 Infinite 248 Infuule
AS 4100 790 ~1162 140 15 177 Iafinite 582 Infinite
.19 3950 747 -1205 137 il 172 Infinite 936 Infinite
20 6550 628 -1324 134 10 231 Infinite Infinite Infimte
24 8000 686 -1266 121 9 262 infinite infinite Infinite
Asama 1938 3500 -1100 100 . 266 {Minakami, 1942)
Ngausuhoe 2800 -580 80 237 (Naimn, 1976)
Arenal 5000 -500 200 291 (Fudali and Melson, 1972)
Ukinrek 700 0 200 87 {Self and others, 1980)
tnyo 700 40 40 108 {Mastin, 1991)
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subsonic velocities (table 3, col. 9). The larger pro-
jectiles (intermediate diameters between 200 and 17
cm) thrown downrange 2.7 to 3.5 km give reconstructed
initial velocities between (56 and 248 m/s, For smooth
spheres the variable C; of table 3, column 9 is low
throughout most or all of a clast’s range, except where
required initial velocity exceeds Mach number 0.7,
which triggers the use of higher drag coefficients taken
from figure 12. Under the drag assumptions for smooth
spheres, implied vent velocities for the particles of
18 cm and larger thrown from Crater Peak during its
August eruption were between 160 and 250 m/s.
Figure 14 illustrates the highly variable drag for
a sphere initially shot at 400 m/s. During the initial
part of its flight, drag coefficient is about 0.85 and
falls to 0.65 in the first one-sixth of its flight. Then
as Mach number drops below 0.7, drag falls off rap-
idly to 0.2. From there it drops even lower as veloc-

ALTITUDE, N METERS

o
N
]

DRAG COEFFICIENT
o
on

0.25

Figure 14, Successively, sharply lower drag
coefficients of typica) ballistic block thrown 0
from Crater Peak whose velocity is initially
supersonic. A, Block's vertical trajectory during
flight. B, Change in drag coefficient during
flight.
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ity reaches a minimum at the top of the trajectory,
and then rises back to about 0.2 as velocity increases
on the downward leg of the trajectory.

Volcanic particles are not spheres and many have
angular faces. Wind-tunnel drag data are readily avail-
able (Hoerner, 1965) for cubes. If we test the Crater
Peak ballistics with these drag coefficients for cubes,
all but the largest block would have required initial
velocities above 400 m/s. Many of those exceed even
maximum theoretical velocities for eruptions under
nearty all reasonable initial pressure conditions (about
2000 m/s, Mastin, 1995). Of the many apparently
ballistic projectiles smaller than 18 cm in diameter
that landed downrange 2.7 to 8.0 km from the vent
(fig. 8), implied initial velocities are 500, 1000, 2000
m/s and higher. The more the calculated values for
initial velocity exceed 400 m/s, the less believable
they are.
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DISCUSSION

Most or all students of volcanic ballistics have
followed Walker and others (1971) in assuming high
drag coefficients (as for cylinders) in calculating tra-
jectories of volcanic ballistics, and no other experi-
ments have appeared to lest that analysis. But calcu-
lations using such high drag give impossibly high initial
velocities for the smaller of the Crater Peak clasis
that are clearly ballistics.

Drag data on cubes compiled by Hoerner (1965)
also entails fairly high drag coefficients (fig. 124).
High drag in the computations yiclds the high initial
velocities for a clast even of moderate size (say, 20—
40 cm) to be thrown to moderate range (say, 2.5 to
3.5 km). These results are then compounded where
Mach numbers exceed 0.6, above which drag further
increases significantly (fig. 12B.C).

Velocities of 100 (o 250 m/s of clasts 0.1 10 1.0
m in diameter generate Reynolds numbers between
about 7x10% and 1x107. This is the range ol very high
Reynolds numbers explored by Achenbach (1972) for
smooth spheres, whose drag coefficients he measured
to be very low—below 0.2, even as low as 0.06 (fig.
I1). Terminal velocities exceeding 40 m/s of ballis-
tics larger than 5 cm in diameter keep them from “mov-

ing leftward™ on figure 11 below Reynolds numbers
smaller than 5x106 and into a range of much higher
drag coefficients, even toward the end of their flight.
If the flight of a particle occurs mostly or entirely
within this envelope of low drag. 10- 10 40-cm par-
dcles thrown cven Lo range 4 to 8 km would require
initial velocities far below sonic velocity (1able 3, col.
9). We sense that the much lower drag coefficients
permiited by wind-tunne) dala on spheres where Rey-
nolds numbers are greater (han 4x108 is the key to
unlock the enigma of far-traveled small ballistics.

While drag coefficients for very rough volcanic
particles generally exceed those for smooth spheres,
there may be compensating effects. For instance, slight
roughening of a smooth sphere increases turbulence
in the boundary layer and causes the wake (o be much
smaller (fig. 15): thus drag is reduced. Photographs
illustrating this principle are shown in many textbooks
on fluid mechanics (Rouse, 1946, plate 16: Mironer,
1979, fig. 8.19; White. 1979, fig. 7.14). A golf ball
“roughcned” by inverse topography (“dimples™) trav-
els farther than a smooth one (Jorgensen, 1993, p.
62-64).

The surfaces of volcanic ballistics may be ir-
regular in shape, but few resemble the least aerody-
namic geometric solid (cube) lested in wind tunnels

Figure 15. Bowling ball in Iwo experiments gencrating similar Reynolds numbers. The roughened surface
of ball on right (sandpaper patch al base |arrow) causes “premature” boundary-layer turbnience and conse-
quent decrease in area of wake in lee of sphere. compared with that of smooth ball. The smuller wake
decreascs Lhe relative vacuum behind the object that exerts a small backward force on il. and hence de-
creases total drag. From Waugh and Stubstab (1973, fig. 15.6).
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(table 2). Until actual volcanic ballistics are tested in
wind tunnels, one can only infer that drag coefficient
will be somewhere between about 0.06 and 1.5 at sub-
stantially subsonic velocities. If the lower end of this
enormous range proves at all close to reality, the evi-
dently “impossible™ great range achieved by some
smallish ballistic particles will be partly explained.

FACTORS BESIDES DRAG

Other factors besides a cannonlike ejection into
a continuous air-drag environment must influence the
great distance traveled by many of the smaller blocks.
These other factors could include: (1) much higher
tailwinds than assumed in the model, (2) convective
lift during flight, (3) large blocks traveling mostly intact
but then disaggregating before landing, (4) smaller
blocks drawn behind Jarger blocks or ejected as ag-
gregates with other blocks and thus collectively sub-
ject to less drag than imposed on blocks separately,
and (5) shock waves and other forward air movement
attending ejection of blocks, which reduce air drag
during the first part of the trajectory. These five fac-
tors are examined below.

Using a range of hypothetical tailwind veloci-
ties, we calculate initial ejection velocities for the 40.5-
cm block thrown 3.5 km from the vent (table 4). Even
with a low drag coefficient appropriate for smooth
spheres and the lowest appropriate for cubes, tailwind
velocities exceeding 35 m/s are required throughout
the trajectory to bring ejection velocities within the
less than 400 m/s range of velocities previously ob-
served. With the higher drag coefficients for cubes, re-
quired tailwind velocities would be about 60 m/s. Such
hypothetical wind speeds are 5 to 30 times those shown
by the NOAA data for August 18, 1992, (table ).

Table 4. Hypothesical effect of
tailwind in carrying blocks to
greater distance.

[Example of a 40.5-cm-diameter
block thrown to range 3,500 m

and landing 1,116 m below veat
altitude)

Wind Velocity Initlal Velocity

{m/s) (mJ/s)

0 1200

10 770

20 575

40 330

50 210

80 160

Convective lift cannot explain the distance trav-
cled by the larger blocks. The terminal velocity of
blocks 40 cm in diameter is 100 to 300 m/s in air
(depending on drag coefficient chosen) as calculated
from a standard equation (Mironer, 1979, p. 277). Only
updrafts a large fraction of terminal velocity would
greatly lengthen a block’s trajectory. Convective up-
drafts of tens of meters per second or more occur in
sustained plinian eruptive columns (Woods, 1988), but
it is wnlikely that transient bursts such as at Crater
Peak could sustain such drafts. Yet clasts smaller than
5 em diameter, whose terminal velocities are less than
50 m/s, could be somewhat affected by small updrafts.
Perhaps this faclor, operating during the subplimian
phase of the first 3 hours of the eruption (Neal and
others, this volume) especially in an upward-funnel-
ing cotumn as analyzed by Sparks (1986) and by Carey
and Sparks (1986), could explain the many lithic and
juvenile clasts smaller than 5 ¢m scattered through-
out the balljstic range as elements of fall. Yet because
most of the ballistics apparently were ejected near the
end of the eruption, some traveling as far as 8 km
from the vent even after the subplinian fall had ended,
sustained updrafts seem unimportant for many of the
smail ballistic clasts.

If farger blocks somehow disaggregated in flight
just before Tanding, the ballistic blocks should lie in
clusters of broken fragments of like lithology. Such a
clustering was nowhere decipherable, except purely
hypothetically if applied to juvenile clasts scattered
throughout the impact areca. The many fragments of
cauliflower bombs seemed randomly and widely dis-
persed, as though they were shattered upon explosion
at the vent, not near the end of their fljghtpath. Some
juvenile clasts are completely rimmed with quenched
margins (figs. 5, 6) and clearly did not fragment in
the air or on impact. In-flight fragmentation there-
fore does not help explain the large distances trav-
eled by many of the blocks.

Numerous images of explosive “cockstail plumes”
capiured on movie film, video, and photographs (for
examples, Williams and McBimey, 1979, p. 251; G.
Rosenquist in Voight, 1981, p. 75-76) show each fin-
gerlike projection to be led by a large block in whose
wake trails a cloud of smaller debris. At Crater Peak
this could help explain many small blocks within the
3.5-km-range limit of large blocks. Yet the smaller
blocks exterd much farther (fig. 8), and they are about
as plentiful just beyond the limit of large blocks as
just inside that limit. Thus smaller fragments drawn
behind large ones cannot be important in the outer
half of the August ballistic field.

Forward air movement attending the whole com-
plex process of ejection has been suggested to aid
the flight of ballistics (Wilson, 1980), a concept sup-
ported by visual observation of shock waves accom-
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panying explosive eruptions (Nairn and Self, 1978;
Ishihara, 1985). Fagents and Wilson (1993) included
this effect in their ballistic analysis by considering
that the blocks were ejected within an envelope of
air whose velocity (initially the same as that of the
blocks) decayed exponentially with time.

DISCUSSION

Convective uplift helps explain many small ap-
parent ballistics lying generally outside the continu-
ous-airfall field as clasts that dropped from a funnel-
shaped eruption column as shown by Carey and Sparks
(1986, figs. 3, 13). Several researchers think that gas
streaming from the vent could account for small par-
ticles thrown to the same or even greater range as
large particles (Lorenz, 1970; Self and others, 1980;
Mastin, 1991). Fagents and Wilson (1993) offer a nu-
merical modification of Wilson (1972) that takes into
account a gas-expansion phase 25 to 150 m outward
from the vent, which reduces but does not eliminate
the unreasonably high initial velocities that calcula-
tions for smaller particles yield. Further analysis of a
gas-expansion phase during the Crater Peak ballistic
explosions and of drag coefficients is in progress (L.G.
Mastin and R.B. Waitt, unpub. data).

HYDROVOLCANIC NATURE OF
EXPLOSIONS

Violent explosions caused by rapid intermixing
of molten material and water have been analyzed in
industrial and volcanic settings (Colgate and Sigurg-
eirsson, 1973; Peckover and others, 1973; Wohletz,
1983; Wohletz and McQueen, 1984). Swift interac-
tion of magma with external water could help explain
the transiently high pressure generated at apparently
shaliow depths near the end of the August eruption
of Crater Peak. The August eruption lasted about 4
hours. As magmatic vent pressure waned, ground wa-
ter from the cone may have poured into the vent along
with ejecta fallback and talus from the overhanging
northwest crater wall. Mixing of hot rock and water
in the vent, contained beneath collapsing crater walls
and slumping talus, could fuel hydroexplosions. Most
of the ballistic blocks from Crater Peak are angular,
blocky lithic clasts and cauliflower bombs (mostly frag-
mented cauliflower bombs). Vesicularity among juve-
nile clasts is only low to moderate (generally <50 per-
cent), and the range in vesicularity is high. These char-
acteristics resemble hydromagmatic deposits elsewhere
and contrast with strombolian deposits having higher
vesicularity and fluidal external shapes (Lorenz and
Bilchel, 1980; Self and others, 1980; Lorenz and
Zimanowski, 1984; Houghton and Hackett, 1984;

Houghton and Schmincke, 1989; Houghton and Nairn,
1991). Thus the explosions late in the August erup-
tion appear to have been propelled by hydromagmatic
processes rather than by vesiculation of magma.

Eruptions of some stratovolcanoes have evolved
from magmatic to hydromagmatic as an eruption wanes.
As the Vesuvian A.D. 79 magmatic eruption dwindled,
interaction of magma with external water produced
the final surge beds (Sheridan and others, 1981;
Sigurdsson and others, 1985). Increased interaction with
water also occurred near the end of many other Vesu-
vian eruptions from Pleistocene to recent (Sheridan
and others, 1981; Rosi and Santacroce, 1983; Rosi
and others, 1993; Bertagini and others, 1991),

HORIZONTALLY CURVING
TRAJECTORIES

Many ballistic projectiles at Crater Peak are em-
bedded in the downrange side of the impact crater, or
they shattered and the fragments spread downrange
from the crater, which indicate the projectiles arrived
at distinct angles to the vertical. Most impact craters
are elongate and have an asymmetric ejecta rim. The
largest craters have ejecta rays radiating on one side.
Both phenomena register the azimuth of the block’s
impact.

In the accessible right-marginal part of the Au-
gust 1992 ballistic field investigated, some impacts
point directly away from the Crater Peak vent on an
azimuth of 135°, yet most of them along this general
azimuth point more southward than in a straight line
from the vent (fig. 16). A typical southward devia-
tion is 20° to 40° south, the maximum 67°. In this
downrange right side of the ballistic field, the devia-
tion is systematically southward; no trajectory has the
opposite displacement from a straight line. The south-
ward tendency at the end of the ballistic trajectories
was despite the ambient wind toward the east-south-
east (toward about azimuth 115°), which tended to
straighten out (that is, shift eastward) any south-curving
trajectories. The angular deviation from a straight-line
trajectory seems to be largely independent of a projec-
tile’s diameter.

A pitched baseball or softball will always curve
in the direction of a sharply applied spin. This phe-
nomenon, known as the “Magnus effect,” has been
variously analyzed by Briggs (1959) and Adair (1990),
among others. The systematic map-view pattern at Cra-
ter Peak—of which we have found no other example
in the literature on volcanic ballistics—suggests that
many of these clasts had a notable angular velocity
about strongly vertical axes. The deviant clasts that
curved systematically rightward (viewed from above),
if caused by spinning, would have spun clockwise.
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In several movies and videos showing typical
low-energy strombolian-type explosions, the clasts do
not spin much, certainly less than 1 rev/s. If spinning
is the cause of deviations in the horizontal compo-
nent of trajectory of the Crater Peak ballistics, it must
be a phenomenon induced by high-energy ejection.

CRATER PEAK

145

Figure 16. Azimuths of projectiles arriving at right mar-
gin bomb fietd of August 18, 1992, eruption of Crater Peak
vent, Mount Spurr volcano, Alaska.
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ABSTRACT

During each of the three 1992 eruptions of Cra-
ter Peak at Mount Spurr volcano in Alaska, hot pyro-
clasts interacted with snowpack to form mixed snow-
pyroclast flows. Some flows were mostly of snow that
melted slightly to be mobite but still cold; others were
mostly of pyroclasts whose snow component melted
entirely to make the flows more mobile and cooler
than ordinary pyroclastic flows. Some pyroclastic flows
were large enough to substantially melt and erode gla-
cier ice to generate a lahar that greatly enlarged a
moraine breach. The largest wet flows coalesced, swept
down and off the volcano flanks, and transformed into
lahars. On the volcano flanks were a wide range of
hybrid flows between conventional pyroclastic flows
and conventionat lahars. The hybrid flows of mixed
debris from Crater Peak resemble some formed by swift
pyroclast-snow interactions at Mount St. Helens, Wash-
ington, during explosive events between 1980 and 1991;
at Nevado del Ruiz, Colombia, in 1985; at Augustine
Volcano, Alaska, in 1976 and 1986; and at Redoubt
Volcano, Alaska, in 1989-90. Wet pyroclastic flows
are hazardous insofar as their reduced internal fric-
tion projects destructive flows down valleys beyond
the reach of dry pyroclastic currents. The trajectory
of pyroclasts launched over the crater rim by a partly
obstructed, inctined vent produced flows on the south-
east and east flanks in addition to those along a south-
ward route through the Jow point of the crater rim.

INTRODUCTION

Crater Peak at Mount Spurr volcano, Alaska (fig.
1), erupted three times in 1992: June 27, August 18,
and September 16-17. These eruptions, each lasting
3 to 4 hours, were the first activity since a single
eruption on 9 July 1953 (Juhle and Coulter, 1955).
During each of the 1992 eruptions, hot pyroclasts tur-
bulently interacted with snowpack to form mixed snow-
pyroclast flows.

Pyroclastic flows and surges on the one hand,
and lahars on the other, are commonly treated as dis-
tinct phenomena. Hybrid flows lie somewhere in be-
tween. This report describes the deposits and the ero-
sion of glaciers by hybrid pyroclast-snow flows on
the flanks of Crater Peak, gives photographic docu-
mentation, qualitatively discusses pyroclast-snow in-
teraction processes, and analyzes flow-initiation mecha-
nisms. Of the 1992 Crater Peak eruptions, chronol-
ogy and overview are addressed by Eichelberger and
others (this volume), pyroclastic flows by Miller and
others (this volume), tephra deposits by Neal and others
(this volume), and sizable lahars on the lower vol-
cano flanks by Meyer and Trabant (this volume).

The behavior of a hybrid mixed flow depends
partly on the proportion of components. Two end mem-
bers of mixed flows are: (1) mostly snow that only
partly melts but includinrg a minor pyroclastic com-
ponent; and (2) mostly pyroclasts but including a mi-
nor proportion of snow that entirely melts. The pyro-
clast component can vary between lithic and pumi-
ceous end members. A pyroclastic flow that incorpo-
ratcs only a smail proportion of srow will behave more
or less as a conventional hot and dry pyroclastic flow
but be somewhat cooler. A small pyroclastic flow that
triggers a huge snow avalanche will behave more or
less as a snow avalanche—albeit a wet one because
of some melting. Intermediate pyroclast-snow mixtures
form a wide variety of fluid flows ranging from wet
pyroclastic flows, to stushflows, to debris flows, to
floods.
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JUNE ERUPTION

Before the June 27 eruption, snowpack discon-
tinuously clad Crater Peak from the crater rim (2,135-
1,950 m) down to 1,370 m, thickest in gullies. Hot
pyroclastic debris mixed with this snow during the
June eruption to form mixed snow, ice, and rock ava-
lanches that flowed south down creeks between Kida-
zgeni and Crater Peak Glaciers. These flows entered
the Chakachatna River 6 kmm from the crater in two
places. Most of the debris flowed down Crater Peak
Creek drainage, the course followed by a lahar that
briefty dammed the river during the 1953 eruption.

The largest flow exited the south-facing crater
breach and followed a sinuous deep gully to Crater
Glacier and Crater Peak Creek (fig. 24,B) (Meyer and
Trabant, this volume). Gully 1, which descends the
south-southeast flank of Crater Peak, does not head
at the south-facing breach in the crater rim (1,950 m).
A snowy debris flow of volume of 1x105 m3 or less
o descended gully 1, broadly overflowed its sides (fig.

t'ICrater'.\', . ,-1{ A

o]

3), and fingered out; the flow in the main channel

1 2 3 4  SKILOMETEAS continued down below altitude 740 m. At a sharp bend
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Figure 3. Oblique view northwestward of gully 1 showing
distribution of mixed-flow and pyroclastic-flow deposils of
1992 Crater Peak eruptions, Mount Spurr volcano, Alaska.
J. broadly distributed June pyroclast-snowflow deposit: A,
August pyroclastic flows; S, confined September wet pyro-
clastic-lahar flows: sr, site of spillover of June and runup
of August flows where velocity was measured. Photograph
taken September 26, 1992.

Figure 2. Oblique aerial views north showing Crater Peak,
Alaska, on south flank of Mount Spurr volcano, shown at top of
both photographs. Between Mount Spurr and Crater Peak
is the common head of Crater Glacier and Kidazgeni Gla-
cier, Crater Peak Creek heads at the breach (B) in the cra-
ter nm; the southeast crater rim forms a barrier between the
crater and the two heads of gully 1 (G1) and especially
gully 2 (G2). Arrows show paths of main pyroclast-snow
(lows of June 27, 1992, CCY and CC2 show paths of the
main and a smaller flow that combined to form main lahar
down Crater Peak Creek (see Meyer and Trabant, this vol-
ume). BM (photograph A) denotes breached moraine where
flood of September eruption on Kidazgeni Glacier entrained much
debris, deposiled on fan below. A. Photograph taken July 27,
[993. B, Photograph tuken September 26, 1992; steam plume
shows position of vent against west crater wall.
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lobes whose crosscutling patterns delineate slight dif-
ferences in arrival times. That second flow apparenlly
was far more viscous than (he slighily earlier low,
and it lerminated abruptly about 50 m upvalley of (he
first wet-flow terminus. The Scptember deposits con-
sist Jargely ol breadcrusied to angular clasts of juve-
nile andesile pumice superficially resembling pyro-
claslic-flow deposits. Yet 12 (o 15 hours after the erup-
tion both were cool and water saturated (R.M. McGimsey,
oral commun., 1992). The younger of the two has ar-
cuate pressure ridges indicating a flow with internal
strength (fig. 9). Rather than remaining loose as in
typical pyroclastic flows. the matrix hardened within
days as the wet clay and silt particles adhered to cach
other and bound the coarse clasts. Unlike the largely
pumiceous August flows, only two-thirds of gravel
clasts of the September wei flows are juvensle: the
rest are diverse porphyritic andesite clasts of older
Crater Peak rocks incorporaled upgully.
Pumice-lithic pyroclastic flows also descended
the east-northeast side of Crater Peak conc and turned
soulheast down Kidazgeni Glacier. An eycwitness situ-
ated 18 km (o the southeast reported the heaviest in-
candescent flows of the night eruption on the east (lank.
At altitude 1,000 m their collective deposil is a poorly
sorted pebble gravel that consists mostly of dark brown-
ish gray andesite and lithic clasts. Many ice blocks
as large as 1 m were entrained as the flow descended
an ice fall. This deposit broadly overlies gently slop-
ing parls of the glacier between altitudes 1,050 and
800 m (fig. 10B). Along the wesl side of the glacicr
from altitude 2,000 down o 1,000 m (gradients 500
to 150 m/km), meltwater stripped off this deposit along

Figure 9. Terminos of lobate laharic tlow of the Seplem-
ber 1992 eruptlion of Crater Peak. Mount Spurr volcano,
Alaska in gully |. Note delicate pressure ridges on flow
surface. Person for scale. Photograph taken September 26,
1992.

Figure 10. Low-leve] aerial views (photographs taken Sep-
tember 29, 1992) of ice scabland produced by flood during
September 1992 eruption of Crater Peak, Mount Spurr vol-
cano. Alaski. along west side of Kidazgeni Glacier. A, Sep-
tember pyroclastic-flow deposit veneer siripped along Sep-
tember ice-scabland channels: width between scarps in de-
posil in lower part of photograph is aboul 5 m.

a lract 5 1o 15 m wide while eroding a stepped series
of cataructs and plunge pools several melers wide and
decp (figs. 10, 11). This essentially subfluvial topog-
raphy is a small-scale scabland with 0.5- 10 1-m scarps
along i1s margins, analogous o the bizarre topogra-
phy of Washington's channeled scabland, two 10 (our
orders of magnitinde larger cut in basalt by giganlic
floods during the Pleistocene (Bretz, 1928, 1959; Wail,
1994). Within the ice scabland on Kidazgeni Glacier
are pockets of poorly sorted diamict containing lithic
boulders as large as 1.5 m indicative of debris flow,
and moderately sorted gravel in the form of small ex-
pansion bars (also a channeled-scabland analogy) al
lhe lower ends of some eroded ice-scabland channels,
indicative of sediment-laden streamflow. The debris
low tormed as meltwater mixed with the new pyro-
clastic-flow deposil; the streamflow ensued as the pro-
portion of meltwater outstripped the available supply
of pyroclasts. The watery phase of (low dewn the gla-
cier closely followed the debris-flow phase.

From the ice-scabland (ract the (lows emerged
onto a flatter {gradient 100 10 50 m/km) part of the
glacier and spread cul as a broad fan 50 to 75 m
broad. Laler incision of this deposit exposed more than
1.2 m of compac(, nearly massive pebble gravel
(diamict) capped by 20 ¢m of loose openwork pebble
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Figure 12. Section exposing September [3. 1992, flowage deposits over-
lying Kidazgeni Glacier, Crater Peak, Mount Spurr volcano, Alaska.
Matrix-bearing debris-flow deposit with poorly developed plane bed-
ding is overlain at pencil (arrow) by openwork pebble-cobble gravel
watery-flow deposit. Pen to right is 13 cm long.

bris, the far lower deviation of the waterlaid deposit
demonstrales a winnowing out of the fines and per-
haps also the coarsest clasts.

The composite debris and watery flow descended
to the glacier side and through an existing breach in
the right-lateral moraine about at altitude 1,068 m.
The flow apparently greatly enlarged the erosional gash,
where it incorporated much coarse sediment before
spreading gravel across a fan west of the glacier at
altitude 825 to 670 (fig. 14). From there a small la-
har tongue descended to the Chakachatna River (Meyer
and Traban(, (his volume).

The September pyroclastic flows and derivative
water-containing flows were concentrated on the casl-
northeast through south-southeast segment of the cone
rather than downslope from the south-facing crater
breach. This distribution indicates that the pyroclasts
were launched by directed explosions, as they were
during the June and August eruptions. Over the course
of the three eruptions the vent was observed to mi-
grate progressively wesl, and so after the Seplember
eruption it was (ight against the west-northwest cra-
ter wall (T.P. Miller, oral commun., 1992). With cach
eruplion the migrating vent directed energetic explo-

sions successively farther counterclockwise, from south-
southeastward (o castward, obliquely away from the
south-facing crater-rim breach.

Table 1. Sieve analyses for three samples of flows of the Septem-
ber 1992 eruption of Crater Peak, Mount Spurr volcano, Alaska.

[Vilues are weight percent of entire sieved sample. |

Debris Now

Size class in phi () Pyroclastic Mlow Watery NMow
-6 11.5
-5 5.8 52 34.5
-4 11.8 10.9 SO
-3 221 253 12,7
-2 17.5 207 0.1
-1 16.7 12.9 0.0
0 1.9 87 0.0
| 27 S 0.0
2 0.7 7.3 0.1
2 0.3 33 0.2
4 0.1 0.1 0.2
>4 1.0 0.4 1.2
Total ----- 100.0 100.0 100.0
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in the creck at about altitude 790 m, the Mow ran as
high as 8 m up a steep wall nearly transverse (o ftow.
The equation v = (2gh)V2 (v, velotily; g, gravitalional
acceleration: h, runup height) relating kinetic energy
converted (o potential energy al a runup gives a ve-
locity of 13 m/s or 47 km/hr.

At summer's end, the flow deposit was it loose,
unsorted diamict with a sandy matrix (hat carried lithic
clasts (no pumice) as large as 0.5 m. The deposil bad
an intricately rough surface texture in places includ-
ing small (<20 cm deep) kettles (fig. 4) and an outer
margin only 10 to 30 ¢m high. Scrub willow abraded
by the flow was unscorched and uncharred, and by
late summer perennials such as fireweed had sprouted
up through the deposit where 1t was thinner than 30
cm—>bolh of which suggest that this flow had nol been

Figure 5. View northwest in gully 1 on Crater Peak, Mount
Spurr volcano, Alaska. showinz channel (C) cut through snow-
flow deposits (/) of June eruption by trailing watery phase
of same flow, then partly filled by pumiceous pyroclastic
(Jow of Avgust eruption (A). Photograph taken July 27, 1993,

hot. A high proportion of internal voids formed dur-
ing summer by melting of a substantial snow compo-
nent caused the deposit to suddenly deflate when jar-
red underfool. The defiatable character and the rough,
kettled surface of thix deposit was like that of mixed
lithic pyroclast-snow flows emplaced during several
eruptions at Mount St. Helens between (981 and 1986
(Waitt and MacLeod, 1987). After a winler scason of
compaction bencath snow, a spring season of wetling,
and a summer scason of episodic high winds, the de-
posit had become fully deflated and ils surface smoother.
The deposit shows no evidence of having been chan-
neled by free surface water during emplacement, ex-
cept along the gully axis where a wetter phase carved a
broad channel (fig. 5) and transformed into a small debris
flow downchannel (Meyer and Trabant, this volume).

Figure 4. View in gully | at altitude 770
m of unsorted mixed-flow deposit from
June 27, 1992, eruption of Crater Peak,
Mount Spurr volcano, Alaska. Mixed-flow
depasit in foreground is deflated by melt-
ing of its former snow constifuent. It is
overlapped by August pyroclastic-flow de-
posil (just behind person). Photograph
taken September 26, 1992,
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i ]

. Kidazgeni
- Glacier

Figure 14. View north showing (an of flood debris below
the right-lateral moraine of Kidazgeni Glacier and other ef-
fects of Septemher 16-)7, 1992, eruplion of Craler Peak.
Mount Spurr volcano, Alaska. Mouul Spurr 1s high, snow-
capped peak to upper left; Crater Peak is peak on far left.
Gl1. gully 1. G2, gully 2; P, pyroclastic-flow deposit on gla-
cier. S, water-scoured west side of glacier. B, breach en-
larged by flood through lateral moraine. Debris fan result-
ed from distribution of material from moraine breach. At
the mouth of gully 1. the September fan cuts across small
fan of June flow that descended gully 1.

COMPARISON WITH ERUPTIONS AT
OTHER SNOWCLAD VOLCANOES

The deposits of hybrid {lows from Crater Peak
resemble those of mixed pyroclast-snow flows during
scveral other recent eruplions. Swift pyroclast-snow
mixing occurred at the base of the huge pyroclastic
surge off Mount St. Helens during the first minutes
of the cataclysmic eruption of May 18, 1880. Stratig-
raphy shows that large laharic flows down the east
and west volcano flanks trailed the pyroclastic surge
and were clearly caused by it (Waitt, 1989). Between
1981 and 1991 many small to moderate explosive erup-
lions at Mount St. Helens caused (urbulent, rapid mix-
ing of hot pyrociasis with snowpack on the crater walls
and floor to form various mixed flows (Waitl and oth-
ers, 1983 Waitt and MaclLcod, 1987: Mellors and oth-
ers, 1988). Each mixed-flow deposit included a rela-
tively dry marginal [acies consisting largely of snow

that did not meh and which froze soon after cmplace-
ment. Many pyroclasi-snow mixing events also pro-
duced far more mobile slushflows along deeper and
more axial parts of flowpath., Further melting trans-
formed some of (hem into watery flows Lhal deeply
channeled snowpack along the lowest axial parl of
the Mowpath,

During the ecruption of Nevado del Ruiz, Colom-
hia, in November 1985, initial pyroclastic surges dy-
namically mixed with spowpack. firn, and ice to form
unusuval, mixed ice-dcbris deposits (Pierson and oth-
ers 1990. figs. 8. 9). Ensving pyroclastic flows did
far more turbulent mixing and melling to form lahars
that flowed down surrounding valleys. where they en-
larged with debris and streamwater into huge lethal
Mows.

At Augustine Volcano, Alaska, pyroclastic flows
of two recent cruptions lurbulently mixed pyroclasts
with snowpack to yield watery flows. During the 1976
winter eruption. pumiceous pyroclastic flows incor-
porated winter snowpack lo form pumiceous deposits
more sorted and with more rounded clasts than adja-
cent pyroclastic-flow deposits (Kamata and others.
1991, fig. 9). The 1986 spring eruption produced typical
pumiceous pyroclastic flows thal merge downslope inlo
small scabland erosional tracts overlain by patchy,
maltrix-free waler-washed coarse gravel (unpub. data,
1988). evidence that pyroclastic Nlows swiftly melted
snowpack they overrode.

During the 1989-90 eruptions of Redoubt Vol-
cano. Alaska, repeated collapses of fragmented hot
dome rock onto glacier ice formed debris flows and
watery floods. The initial eruption of December 15,
1989, formed an expansive “dry” ice-diamict deposit
on both the north and south volcano flanks (Waitt and
athers. 1994). The degree of melting was small be-
cause pyroclasts were swiftly cooled by a huge vol-
ume of readily incorporaled snow and firn. But dur-
ing many later dome collapses, fragmented dome rock
swifily interacted with and greatly eroded the northside
Drift glacier (Trabant and others, 1993) 1o yield large
watery (loods

At Crater Peak the wel, mixed flows were (airly
small. The dry-appearing hybrid-flow deposit of June
27 closely resembles the surface lexiure of the “dry”
phases of mixed-flow deposits at Mount St. Helens
between 1982 and 1986 and also the melted ice-diamicl
surface al Redoubt (Waitt and others, 1994, figs. 11,
12). The small scabland eroded into Kidazgeni Gla-
cier in September was similar 1o the ice-erosional forms
carved in Drift glacier by the 1989-90 Redoubt erup-
tions (Traban and others, 1994).

Hybrid {lows are probably far more common than
past reports suggest. Those {rom Crater Peak and the
other cited eruptions were documented because of ac-
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cess by helicopter soon after eruption. Because the
flows are cool or cold, snowfall quickly obscures them
in winter. Because some of the flows contain much
snow, much of the original volume disappears and the
resulting deposit can resemble a typical pyroclastic-
flow or tahar deposit. The subtle evidence of wetness
can be mostly lost in the geologic record, indeed easily
overlooked even in recent surface deposits.

HAZARDS

Had the wet or snowy flows at Crater Peak been
larger they might have dammed Chakachatna River
and induced large floods, but they would not have
endangered life or property in that remote setting. Yet
these small hybrid flows illustrate a hazard common
to snowclad volcances. When hot pyroclasts turbu-
lently mix with ssow or flow over glacier ice, they
swiftly generate wet flows that can soon travel be-
yond the limits of dry, hot pyroclastic flows. Thus
their damaging effects extend beyond the mountain
flanks. At volcanoes in Indonesia and the Phitlipines
that are affected by monsoons, most lahars initiate
secondarily when torrential rains act on loose, hot,
vnstable pyroclastic debris (Rodolfo and Arguden, 1951;
Pierson and others, 1992). The type of snowflows and
floods produced at Mount Spurr volcano, Mount St.
Helens, Redoubt Volcano, and other snowclad volca-
noes, are primary, produced as they are swiftly dur-
ing a pyroclastic eruption by tucbulent hot flows moving
over snow or ice. Large, lethal examples of such floods
originated at Orzfajokull in Iceland in 1362 (Thor-
arinsson, 1958), at Cotopaxi in Ecvador in 1877 (Wolf,
1878), and at Nevado del Ruiz in Colombja in 1985
(Pierson and others, 1990). In a literature review, Major
and Newhall (1989) compiled data on historical erup-
tions at snowclad volcanoes, concluding that pyroclastic
flows and surges acting on ice and snow are the most
important processes generating primary large lahars
and floods.
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ABSTRACT

Juvenile ejecta from the threc 1992 eruptions of
the Crater Peak vent of Mount Spurr are calcatkaline
andesite and coantain about 57 percent SiO, by weight.
Samples are chemically uniform within analytical er-
ror for all but a few of the most mobile of the 43
elements whose concentrations were determined. The
andesite is unlike prehistoric Crater Peak andesites
of similar silica content in having high concentrations
of Al,03, NayO, and Sr and low concentrations of com-
patible transition metals. These differences suggest that
the immediate parent to the 1992 andesite crystailized
relatively more ferromagnesian silicate (probably
clinopyroxene) and less plagioclase than previous
Mount Spurr andesites, which requires either higher
water pressure, greater residence depth, or both. The
1992 andesite is ajso unlike previous Crater Peak andes-
ites, including that erupted in 1953, in having lower
concentrations of some incompatible elements yet
higher amounts of silica. These observations suggest
that the magma that fed the 1992 eruptions was not
derived from the same magma body that fed the 1953
eruption, but it instead is new magma that came from
the source region in the deepest crust or mantie. The

1992 eruptions also ejected partially melted alumi-
nous metamorphic xenoliths characterized by high con-
centrations of both incompatible and compatible trace
elements despite moderate silica contents and by min-
eral assemblages unlike exposed country rock. Small
quantities of highly siliceous xenoliths characterized
by dramalic depletion of all but a few trace elements
(Rb, Ta, U) were also erupted.

INTRODUCTION

Mount Spurr volcano, (25 km west of Anchor-
age, is the next-to-last Holocene volcano at the north-
eastern end of the Aleutian arc. It is about 100 km
above the Benioff zone and 500 km from the trench
in a direction parallel to the movement belween the
Pacific and North American ptates. The region sur-
rounding Mount Spurr is underlain by a Jurassic to
mid-Tertiary granitic batholith, which intrudes Paleo-
2oic to Mesozoic limestone, basalt, and flysch of gen-
eraliy low metamorphic grade (Wilson and others,
1985).

Spurr voleano is composed of an ancestral Mount
Spurr (fig. 1) whose construction began at least 255
ka (Nye and Turner, 1990). It is predominantly built
of 58 to 60 percent SiO; two-pyroxene andesite flows
that are interbedded with a few more mafic flows. Lava
flows dominate the upper part of the cone, and pyro-
clastic rocks dominate the lower part. The growth of
the ancestral Mount Spurr was lerminated by Bezy-
mianny-type avalanche caldera formation and the pro-
duction of a debris avalanche with 2 minimum runout
of 25 km and a volume of a few cubic kilometers
(Nye and Turner, 1990). The resultant amphitheater
is 5 km by 6 km, predominantly ice filled, and breached
to the south. The debris avalanche is immediately over-
lain by partially welded ashfiows more silicic (61-63
percent SiO,) than ancestral Mount Spurr andesites.
Intrusion of this silicic magma hjgh into the cone was
presumably the cause of stratocone failure. The age
of caldera formation is not precisety known. It post-
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Figure I. Geology (modified Nye and Turmer, 1990) and geography of the area immediately surrounding Mount Spurr, Alaska, Loca-

tions of samples analyzed for this study are also shown.

dates the youngest cone-building andesite (youngest
measured age is 59 ka: Nye and Turner, 1990 ) and
predates the oldest post-caldera tephra (>7 ka; Riehle,
1985). The lack of a tephra blanket suggests that caldera
formation occurred during a time of widespread ice
caver, ergo a Pleistocene age. The lack of efosion of
the debris avalanche, despite its location in major gla-
cial valley, suggesis a late Pleistocene age of caldera
formation.

After caldera formation, a large dome formed
in the center of the caldera (fig. 1). It forms the cur-
rent summit of Mount Spurr and is ice covered ex-
cept for periodically exposed patches of dome lava
with scattered, diffuse boiling-point fumaroles. The
few samples recovered from the dome have 61 to 63
weight percent S10,, plagioclase, two pyroxenres, and
occasional hornblende xenocrysts and have composi-

tions similar to the ashflows overlying the debris ava-
{anche (Nye and Turner, 1990). Tephra from this vent
do not appear to be younger than about 5 ka (Riehle,
1985). Crater Pecak, 6 km south of the Mount Spurr
summit (fig. 1), sits in the caldera breach and is the
historically active vent. It consists of lava and pyro-
clastic flows with 54 to 57 percent SiO,—more ma-
fic than cone-building andesites, which contain pla-
gioclase, two pyroxenes, and sparse hornblende phe-
nocrysts. Tephra from Crater Peak range in age from
5 ka to the present (Riehle, 1985). However, the pres-
ence of block-and-ash flows produced by the erup-
tion of magmas that are apparent mixtures of Crater
Peak and Spurr summii dome magmas as well as horn-~
blende xenocrysts derived from Crater Peak magmas
in Spurr summit dome magmas, suggest that the two
magmatic systems overlapped in time (Nye and Turner,
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1990). Remnants of an older cone in the position of
the current Crater Peak lie just west and east of Cra-
ter Peak. These are referred to as ancestral Crater Peak
here, but they were called proto-Crater Peak by Nye
and Turner (1990).

The Crater Peak vent of Mount Spurr erupted
on June 27, August 18, and September 16-17, 1992
(Eichelberger and others, this volume). Eruptions were
3.5 to 4 bours in duration, and they produced subplinian
columns which deposited extensive tephra blankets and
minor proximal pyroclastic flows and other debris
flows. These eruptions produced six types of ejecta.
In order of decreasing volume, they are: (I) wide-
spread blankets of mostly juvenile andesitic tephra with
a combined dense-rock-equivalent volume of about
35x106 m3 (Neal and others, this volume); (2) brown
to dark-gray, breadcrusted andesite blocks deposited
in pyroclastic flows, lahars, and ballistic bomb ficlds
with a total volume of about one percent of that of
the tephra (Miller and others, this volume; Waitt and
others, this volume); (3) aluminous xenoliths composed
of highly inflated, partially melted blocks of meta-
morphic country rock, with a total votume of about
one percent of the volume of the andesite blocks
(Harbin and others, this volume); (4) light gray-green
andesite, which is distinguished most readily from the
dark andesite by clear, rhyolitic groundmass glass rather
than the brown, andesitic glass of the dark andesite;
(5) volumetrically minor metamorphic xenoliths in-
cluding a white glass-quartz-plagioclase rock and wol-
lastonite-bearing skarn; and (6) accidental blocks of
older Crater Peak andesite, Representative samples of
most of these types of ejecta were analyzed in bulk
for 10 major and 33 trace efements.
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SAMPLE SUITE AND ANALYTICAL
QUALITY

The samples discussed herein include 19 juve-
nile andesite blocks (three from the June 27 eruption,
nine from the August 18 eruption, and seven from
the September 16-17 eruption). These blocks span the

known emplacement modes and stages of each erup-
tion. We also analyzed five light gray-green andes-
ites (four from August 18 and one 1 from September
16~17); 20 aluminous xenoliths (alt from August 18);
and 3 white glass-quartz-plagioclase xenoliths from
August 18 deposits. Sample locations for andesite
blocks and xenotiths are shown in figure 1. In addi-
tion we analyzed a total of 20 proximal tephra samples
consisting of two or three samples from light and dark
and upper and lower tephra from each eruption. These
are described more fully in Neal and others (this vol-
ume). Separate splits of each sample were powdered
in a tungsten-carbide shatterbox for analysis by X-
ray fluorescence (XRF) and in a stee) shatterbox for
analysis by inductively coupled plasma mass spectrom-
etry (ICP/MS). Crushing in tungsten-carbide avoids
compatible-transition-metal contamination and crush-
ing in steel prevents high-field-strength etement con-
tamination. Milling and analysis were done at the
GeoAnalytical laboratory at Washington State Univer-
sity. One duplicate was chosen at random and ana-
lyzed for each batch of samples submitted. These du-
plicates form the basis for our reported analytical pre-
cision (table 1). Overlap of analyzed elements between
techniques (high-precision Rb, Ba, Y, and Nb data were
obtained by both XRF and ICP-MS) provides another
method of monitoring analytical quality.

ANDESITE
HOMOGENEITY OF 1992 ANDESITE

Two types of andesite erupted from Crater Peak
in 1992: dense to scoriaceous brown to dark-gray andes-
ite and much less abundant light gray-green andesite.
The dark andesite is fairly homogeneous throughout
the deposits from all three 1992 eruptions (tables 1,
2). For most elements the percent deviation of all 1992
Spurr andesites is close to the analytical precision of
the laboratory, Some of the highly incompatible ele-
ments {Cs, Rb, U, Th, and Pb) have variations in
1992 ejecta outside analytical precision, but even for
these etements the total variation among samples is
small. For example, Cs variability between samples
is about 9 percent, but this only represents a 0.04-
ppm standard deviation of (he analyses. Pb variabil-
ity is apparently quite high (18 percent), but this re-
flects the inclusion in the mean of a single sample
from the September !7 eruption with 9.54 ppm Pb.
Omission of this sample from the calculation results
in a relative deviation of only 4 percent. We did not
analyzed this sample in duplicate to verify its Pb con-
tent. Some of the compatible transition metals (Fe,
Se¢, Cr, and Ni) atso show variability outside analyti-
cal precision.



Table 1. Whole-rock composition of selected historic and prehistoric andesites erupted from the Crater Peak vent of Mount Spurr, Alaska.

[Sample Jocations, modes and descriptions for samples not described hecein given by in Nye and Terner (1990). Mean for dack 1992 andesite is for 19 juvniile apdesite blocks from £992
eruptions of Crater Peak; std dev., one standard deviations of the apalyses in preceding column; % dev. is the standard deviation expressed as a percentage of the mean for each element;
precision refers to analytical precision, in percent, of these analyses as indicated by duplicate studies. Major elements normalized to 100 percent anhydrous. FeOt is total iron as FeQ.
Number of reposted decimal places may exceed anaiytical precision.}

Prehistoric Crater Peak andesite 1953 andesite Park 1992 andesite Light grey-green 1992 andesite

el

Sample PCP-BOt PCP-A02 CP02 CP-12 PUM-16 PUM-t7 mean sid. dev, %dev.,  precision 92AMmM 92AMM 92JES 92MHS 92AMm

20)  102GS 143C 01 10 120A

Major-etement oxides, in weight percent
S§02 57.44 56.61 56.61 56.30 54.89 5435 56.73 0.34 D6 0.2 5659 58.84 56.47 58,18 56.52
Ti> 0.85 0.78 0.87 0.79 0.B6 o 0.69 Q.01 1.2 1.2 Q.67 0.64 0.70 0.76 4.7
A1283 17.23 17.14 18.00 18.85 18.80 18.61 19.05 0.1 0.6 0.6 19.33 18.23 18.95 18.77 19.02
FeOt 6.91 7.00 7.05 65.99 7.68 7.68 6.95 0.29 42 1.6 682 653 7.10 739 7.07
MnO 0.14 0.14 014 D.14 0.1% 0.14 0.15 0.00 1.7 1.2 015 014 0.16 0.16 015
MgO 504 6.33 4.61 432 4.58 485 A.65 Q.07 1.9 1.2 a.52 346 375 383 .74
CaQ 7.54 759 7.38 7.38 802 a.14 757 .08 1.0 08 7.65 B.6D 7.74 7.9 7.61
Na-O A4 325 3.85 4,24 381 407 402 4.07 1.8 1.0 4.08 410 392 377 3.98
K25 1.24 0.95 1.25 1.05 0.95 0.99 091 .03 28 1.4 Q.90 114 0.93 0.88 0.93
P5Og o1 019 0.25 0.26 0.26 0.26 0.28 0.01 48 0.6 0.29 0.23 0.28 0.28 0.28
Trace eiements, in parts per million

Cs 0.17 0.14 0.28 0.2 0.6 019 0.45 0.05 10.0 2 Q.57 0.41 0.83 0.53 0.51
Rb 26.96 19,79 2982 21.85 16.70 1853 15.12 1.20 79 2 15.66 18.04 15.44 14.57 18,39
Ba 45953 453.07 448.69 358.99 38517 A57.34 385.24 8.81 23 1 397.00 411.78 387.39 35253 381.20
Sr 558.00 554,00 612.00 681.00 620.00 899.00 658,84 878 1.3 b 671.00 564.00 B857.00 §29.00 650,00
La 13.82 11.32 1479 10.01 1112 12.10 11.05 0.25 2.2 4 11.46 1.28 11.02 10,30 10.76
Ce 28.04 22.56 28.67 21.60 2289 24 88 2263 455 2.4 4 23.87 2.04 259 21.47 2%.65
Pr 3.56 284 3.74 282 3.03 326 2.96 0.06 21 4 315 2.82 2.84 2.88 253
Nd 15.53 1260 168,29 2.1 13,64 1458 13.24 032 25 4 13.93 1223 12.87 12.63 $2.94
am 3 326 413 32 67 an 33 0.09 27 4 35 3.08 32 3.43 i
Eu 1.18 t.44 1.27 1.06 1.26 1.26 1.44 0.04 s 4 1.23 058 1.08 117 1.42
Gd 3.54 312 ez 2.80 3.38 330 308 Q.09 31 4 3.06 282 258 330 2.9
Tb 0.58 0.50 0.61 0.48 0.57 0,55 0.51 0.04 23 4 0.52 0.48 0.61 0.55 0.51
Dy 353 jos 3.58 2.87 .36 3.3 3.09 0.07 23 4 3.18 285 2.98 3.26 o
Ho 072 0.63 0.71 0.56 0.68 0.66 0.63 Q.01 21 4 0.65 0.58 0,61 0.68 0.63
Er 205 1.77 1.99 1.54 1.5 1.87 1.81 Q.06 33 3 1.88 1.68 1.81 1.9% 1.76
Tm 0.28 0.24 0.27 0.21 0.27 0.26 025 0.01 kX4 4 0.25 0.23 0.29 0.26 Q.25
Yb 1.79 1.48 1.76 1.27 1.68 1.61 1.64 0.05 28 4 4.69 1.53 1.58 t.71 158
Ly 028 0.24 0.27 0.20 027 0.25 028 o0 7 4 0.28 025 025 0.28 0.26
Y 18.97 16.58 2065 9.40 18.43 17.90 17.24 .63 A8 & 17.60 14.88 17.54 18.65 17.14
Zr 110.00 103.00 115.00 106.00 100,00 106.00 104,79 Q.77 0.7 1 103.00 105.00 103.00 102.00 104.00
Hf 263 225 2.48 221 210 2.16 2,15 0.07 3.4 6 212 245 210 215 2.06
Nb 860 4,08 6.05 493 5.48 454 4.55 Q.18 349 ] 473 416 4.70 518 4.41
Ta 1.28 0.27 0.34 0.27 0.22 025 0.25 0.01 53 3] 0,28 0.28 0.26 0.3 0.25
Ph 4,00 433 5.09 528 4,83 502 55% 0.98 17.7 ] 817 502 525 4.64 5,31
Th 2.24 1.33 217 0.29 1.01 1.04 0.85 0.068 7.2 4] 0.89 1.35 0.90 0.80 0.89
u 0.55 0,32 0.59 0.38 0.35 0.37 026 0.02 7.5 6 0.26 0.39 0.28 0.25 0.28
Ga 17 18 17 20 19 19 20.37 1.46 12 12 21 18 18 b4 19
Cu 28 55 33 49 53 67 4896 .98 83 14 44 59 50 58 44
Zn 76 80 88 85 83 86 90.26 8.58 95 6 81 87 95 82 24
v 205 180 202 173 213 222 153.00 9.08 58 & 156 150 168 168 154
Sc 298 28 27 27 22 30 15.16 203 13.4 10 16 17 19 16 17
Cr 88 198 69 26 32 43 22,53 9.54 425 k14) B89 29 28 3 23
Ni 21 a3 25 22 15 23 953 2.46 258 16 18 15 1 18 11

YASYTIV “WANdS INOOW "LNFA WVId dHIvHD 40 SNOLLINYE 7661 HHL 11



Tabie 2. Whole-rock compositions of dark andesite from 1992 eruptions of Crater Peak vent of Mount Spurm, Alaska.

{Major elements normalized ro 100 percent anhydrous. FeOt is total iron as FeQ. Number of reported decimal places may exceed analytical precision.)

Sample 92J8S01 §2JBS02 92JBS03 9200268 S2amm  B2amm  92amm 92JES03  92JES-  92JES-  92JES- NS(Z)92- 920924- 920924- 920826- G2AMM  SZAMmM  92AMm  SlopdS
100 104 111B 08 a7 o8 8 3 ] 1208 1200 129
June 27 eruption Auqust 18 eruption September 16-17 eruption
Major-element oxides, in weight percent
5i04 56.68 56.64 56.61 56.74  558.51 56,45 56.50 56.39 56.42 56.87 56,44 56.96 5686 5662 S7T05 56.54 56,55 5719 5785
TiO. a.68 0.88 0.68 0.89 0.68 0.68 0.69 0.69 a.70 058 0.68 0.67 0.7¢ 068 0.70 Q.70 0.69 0.68 0.69
33 1944 19.08 1913 1888 1927 1813 {905 1905 1879 1895 1919 1BS7 1889 1947 1912 1887 1888 1899 1913
Fe 6.97 7.03 7.0 7.07 6.81 7.07 712 7.10 7.40 §93 6.93 8,93 693 7.02 6.59 7.23 743 6.78 5.83
MnO 0.15 0.15 0.15 0.15 015 0.15 0.15 0.15 0.16 0.15 0.15 0.15 0.15 0.15 0.15 0.t6 0.15 0.15 0.15
MgO 356 358 354 .67 .58 3.62 365 370 .59 364 3,69 3.60 an 3.66 372 .84 .69 3.59 .65
Ca0 7.684 1.59 7.61 7.58 7.58 7.58 7.60 7.64 1.79 7.57 7.63 7.49 7.51 7.58 7.55 7.52 7.56 7.43 7.44
Na%O 4.03 4.06 4.08 394 412 414 405 4.09 3.95 4.04 4.08 403 3.89 394 392 395 4.05 397 395
K, 0.88 0.87 0.88 0.88 0.90 0.90 0.81 0.90 0.91 0.50 0.91 0.83 0.52 0.89 094 0.94 0.92 0.94 0.97
P20g 0.25 .29 0.29 0.29 0.30 028 D.28 0.2 0.29 .28 028 0.28 0.28 0.30 0.26 0.28 0.28 0.28 0.24
Trace elements, in parts per millicn

Cs 0.4 04 04 0.42 0.43 0.42 0.43 0.44 0.46 045 0.44 0.48 0.48 0.42 0.57 0.45 0.46 0.5t .53
Rb 1608 1599 1606 1386 1513 1555 1432 1448 1337 135t 1328 1471 1528 1371 1530 1703 1646 1586 17.27
Ba 384 366 a2 ar 402 396 380 39 3as5 379 382 398 a3 381 387 3re an 3g8 397
Sr 662 670 666 671 657 663 664 661 653 860 665 854 847 671 851 649 655 649 640
La 11.4 11.47 10.87 11.09 1.3 11.54 10.86 1114 16.88 10.97 11.10 11.20 10.98 11.13 10.80 10.53 10.57 11.08 11.45
Ce 2311 2308 2288 2295 2339 2371 2208 2245 2240 2247 264 281 224 229 207 2160 2144 2267 2282
Pr 3.03 4 K1) | .04 KEH)| o7 291 288 290 2.68 2.94 298 2489 2,96 295 2.89 2.85 297 259
Nd 137 1388 1372 1357 1365 137 1301 1295 1329 1308 1203 1309 4299 1324 1305 1273 1270 1324 1348
Sm 3.48 346 339 3.40 3.36 342 3N .27 .26 K. 334 3.40 316 336 32 ) 3.8 3.39 336
Eu 1.22 1.2 1,18 115 1.2 1.19 1.13 1,09 1.13 1.12 1.1 1.13 1.10 1.13 1.10 1.14 1.07 115 1.14
Gd 13 g 3.19 3.10 324 315 2.592 01 3140 306 3.00 317 203 313 303 00 o2 an 2.99
Tb 0.52 052 0.53 0.51 054 0.53 0.51 0.50 0.50 0.50 0.51 0.51 0.50 0.52 0.50 0.51 0.51 0.50 a.50
Dy 315 32 317 316 316 314 2.58 o4 3.00 .08 .07 3.13 295 3.09 3.01 .07 .06 .16 07
Ho 0.65 0.66 0.65 0.64 0.66 0.64 0.62 0.63 0.62 0.64 0.61 0.64 0.62 0.84 0.62 0.62 0.62 0.63 0.64
Er 1.87 1.98 1.86 1.84 1.86 1.58 1.80 1.81 1.75 1.72 1.78 1.82 1.79 1.79 172 1.72 1.78 1.82 1.80
Tm 0.26 0.27 0.26 0.26 025 0.26 0.24 0.25 025 0.25 0.24 0.26 0.25 026 0.24 0.24 025 0.25 025
Yb 1.7 1.75 1,65 1.64 1.69 1.7 1.60 1.65 1.6t 1.64 1.64 1.64 1.58 1.65 1.60 1.58 1.59 1.63 1.85
Ly 0.27 0.28 0.27 026 028 0.28 0.27 0.27 0.26 0.27 026 0.26 0.25 0.26 0.26 025 0.25 0.26 0.26
Y 17.89 17.83 18.21 17.38 18 17.75 15.34 17.43 17.32 17.12 16.75 16.55 t6.86 17.05 16.89 17.02 17.26 17.38 17.58
2r 104 105 104 105 105 105 106 105 105 103 105 106 104 105 105 104 104 105 106
Hf 2.1 224 2.16 215 222 224 2.08 211 213 205 2,07 215 21 221 218 213 2.00 218 221
Nb 4.82 473 4.86 463 474 471 4.06 456 455 453 4.45 4.45 446 453 4.44 4.46 4.40 462 457
Ta 0.27 028 0.26 0.24 0.27 0.27 0.24 0.25 0.25 0.25 0.24 0.25 0.24 0.25 0.26 0.24 0.23 0.25 0.26
Pb 5.83 535 514 5.00 5.44 4,96 5.58 529 5.12 4.96 508 5.44 53 8.54 521 5.25 5.25 522 5.69
Th 0.83 0.48% 08 0.82 0.91 0.83 0.86 0.90 0.79 077 0.74 0.82 082 079 0.88 .87 0.85 0.85 0.98
u 0.26 0.25 0.25 0.25 0.27 0.26 0.28 025 0.23 0.23 0.21 0.25 0.28 024 0.26 0.27 0.27 0.28 0.28
Ga 20 18 2 19 20 19 2 20 22 n 19 2 23 21 20 2 19 22 18
Cu 45 54 57 49 49 50 51 50 51 45 44 41 49 50 49 46 46 49 40
Zn B84 91 92 8 a1 a9 95 ga 9 93 96 94 101 84 68 96 85 111 84
v 135 150 138 165 161 141 160 154 150 147 147 142 153 163 166 161 156 158 154
Se 17 18 16 12 16 16 18 15 18 14 14 16 15 17 15 14 3 11 17
Cr 17 19 19 14 16 18 21 p] 17 22 22 59 30 16 30 23 19 23 22
Ni B 8 ] 8 & 10 8 11 8 8 8 17 13 8 10 10 ] 12 10
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Four of the five light gray-green andesites that
were analyzed are compositionally identical to the dark
andesite, except for slightly higher and more variable
Cs (table 1}. This similarity is remarkable in view of
the drastically different composition of the ground-
mass glass in the light gray-green andesites (rhyolite
glass) versus dark andesites (andesite to dacite glass)
(Harbin and others, this volume). The similar whole-
rock chemistry in spite of different groundmass chem-
istry presumably reflects, on the scale of individual
blocks, more extensive crystatlization of the dark andes-
ite to produce the light gray-green andesite, perhaps
at the chamber margin. The fifth sample (92AMm!113c¢)
is more evolved, and it contains 58.8 percent SiO,.
This sample has no distinguishing petrographic char-
acteristics, and it may contain a higher ratio of glass
to crystals.

COMPARISON TO PREHISTORIC CRATER
PEAK MAGMAS

Prehistoric Crater Peak lavas are hornblende-bear-
ing two-pyroxene calcaikaline basaltic andesite and
andesite (Nye and Turner, {990). Besides being slightly
more mafic than all but a very few ancestral cone-
building andesites, their most important distinguish-
ing feature compared to other Mount Spurr lavas is
the presence of centimeter-sized, holocrystalline, cu-
mulus pyroxenite clots (Nye and Turner, 1990). The
1992 magma is also calcalkaline andesite, but ijt falis
outside chemical trends of prehistoric magmas in many
ways. The 1953 and prehistoric lava compositions nor-
malized to average 1992 andesite are shown in figure
2. Data for selected samples are presented in table L.
The prehistoric andesites that are plotted have SiO,
within 1 weight percent of the 1992 andesite. Impor-
tant differences between the 1992 andesite and previ-
ous andesites, at nearly constant SiO,, are higher coan-
centrations of Al, Na, and Sr, and lower concentra-
tions of Tj, V, Mg, Sc, Cr, and Ni. These (wo obser-
vations suggest more protracted crystatlization of the
parent to the 1992 andesite at mid- to lower-crustal
depths, where the increased pressure favors ferromagne-
stan silicate crystallization over plagioclase crystalli-
zation. MgO and AlL,05 versus SiO, are shown in fig-
ure 3 for the entire Mount Spurr suite. These plots
suggest that increased plagioclase (high Al,O3) and
decreased pyroxene (low MgQO) components in the 1992
andesites are shared by the 1953 andesites. but not by
most older magmas. Low MgO by itself does not uniquely
demonstrate pyroxene crystallization, but pyroxene is
likely to be the most abundant ferromagnesian phase.
Greater-thap-normal reservojr depths may be charac-
teristic of latest Holocene Crater Peak magmatism.

Si02
Tio2
Al203
FeOt
MnO
MgO |
CaQ
Na20
X20
P205 |

Cs
Rb
Ba
Srt

La
Ce |
Pr
Nd |
Sr" L
Eu
ad
To |
Dy
Ro
Er }
Tm
Yb
Lu

— 1992 endesite * § std. dev,
A 1953 andesile
—— - Prehigioric Crater Peak
(55.75<510,<57.75)

Y} -
Zr }
Hf
Nb
Ts

0.3 6S 07 1 2 3 5 7
SAMPLE / AVERAGE 1992 ANDESITE

Figure 2. Mean composition of andesite erupted during 1992
from Crater Peak volcano, Mount Spusr, Alaska, compared
to 1953 andesite and prehistoric Crater Peak andesite. Bach
line is a single sample’s composition divided by the mean
composition of 1992 andesite blocks. Gaps separate groups
of geochemically similar elements. FeO, is total iron as FeO.

There are also major differences in the abun-
dances and ratios of highly incompatible trace ele-
ments between 1992 andesite and previous andesite

of similar Si0,. Specifically, 1992 andesite has Cs

concentrations about two times higher than older andes-
ite, yet slightly lower concentrations of the other al-
kali elements K and Rb. These differences are about
20 times analytical uncertainty. Compared to most pre-
vious andesite, 1992 andesite has low concentrations
of Th and U, yet it has about the same Pb content.
These differences in the relative concentrations of
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highly incompatible elements cannat be generated by
fractional crystallization and must reflect some pro-
cess in the source that varies for individual batches
of magma. Andesite from the 1992 eruptions has a
slightly lower La/Yb ratio, and thus it is slightly less
fight-rare-ecarth-element enriched than previous andesite.
Concentrations of the high-field-strength elements are
comparable for some, but not all, samples of previ-
ous Crater Peak andesite.

Rb-S10, variations in samples from the 1992 and
1953 eruptions of Crater Peak are shown in figure 4;
aiso shown are Rb-SiO, variations from prehistoric
flows from Crater Peak and the eastern and western
remnants of the ancestral Crater Peak. The relative
stratigraphic positions of samples are known, with the
exception that the relative ages of the east and west
ancestral Crater Peak sections are unkpown. Three
groups of samples (Crater Peak and west and east an-
cestral Crater Peak) are connected by lines in order
of stratigraphic succession. In each case the oldest
samples are the most silicic. In many cases Rb varia-
tions in near-neighbor mafic flows are so large that
they cannot be related by fractional crystallization or
mixing. Rb variations at 54 to 55 percent SiO, are
large enough that simple crystal sorting also cannot
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Figure 3. MgO and Al,05 versus SiO, (in weight O:‘
percent) of Pleistocene, Holocene, and historic sam- _.<J“

ples from Mount Spurr voleano, Alaska. Samples not
discussed in this paper are discussed in Nye and Tumer
(1990). Note the high Al,04 and low MgO of 1992
andesite compared to previous Craier Peak andesite
and other Mount Spurr lavas.
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explain the variations. These relations suggest that rela-
tively small volumes of chemically unrelated magma
can migrate from deep within the system to feed just
a few eruptions.

COMPARISON TO 1953 MAGMA

An important volcanological gquestion is whether
the 1992 andesite erupted from new magma that re-
cently migrated to the upper crust, or whether it erupted
from the remnant of the upper-crustal magma body
that fed the 1953 eruption. Analyses of two samples
from proximal 1953 pumice deposits are shown in table
1 and plotted in figures 2, 3, and 4. Andesite from
1992 is unlike 1953 andesite in that, despite its higher
Si0,, it has lower concentrations of some incompat-
ible elements such as Rb, U, and the middle rare-
earth elements. These differences cannot be produced
by fractional crystallization, and they suggest that the
1992 andesite indeed represents a new magma. Cal-
culated fractional crystallization paths for 1953 mag-
mas are shown in figure 4. The crystallization calcu-
lation is from Nye and Turner (1990) and is based on
detailed least-squares calculations to relate SiO, in-

S10,, NN WRIGHT PRRCENT
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Figure 4. Rb {in ppm) versus SiO, (in wesght percent) for samples
from the Crater Peak vent of Mount Spurr volcano, Alaska. Pre-1992
samples are discussed in Nye and Turner (1990). The plot also shows
data from east (inverted triangles) and west (upright triangles) ances-
tral Crater Peak and the current Crater Peak (filled circles). Lines con-
necting symbols represent stratigraphic order, with the most siticeous

end of each line being the oldest.

crease to the amount of fractionation. [f the 1992 andes-
ite was derived by simple fractional crystallization of
the 1953 magma, then about 16 to i9 percent (by
weight) of crystals would have to have separated and
the concentrations of Rb should have increased to about
21 ppm, compared to the 15 ppm Rb in the 1992 andes-
ite. The differences in Rb between 1953 and 1992
andesite are also unlikely to be have been produced
by open-system processes such as fractionation com-
bined with crustal assimilation, which also causes in-
creasing Rb with increasing SiO,

Andesite from 1953 is also oniike 1992 andes-
ite in its high Ti, Mg, Sc, Cr, and Ni. Some or all of
this is to be expected because the 1953 andesite has
lower SiO,, and it is therefore less evolved.

TEPHRA

Tephra samples were analyzed in a search for
compositional diversity in 1992 ejecta and to test for
composttional differences between the light-colored
(less dense) and dark-colored (more dense) tephra com-
ponents (Neal and others, this volume). A more ex-
tended discussion is preseated by Neal and others (this
volume). The main conclusions are that all the light
tephra and hatf of the dark tephra samples are identi-
cal to 1992 andesite in their concentrations of 10 major
and 33 trace elements. Those dark tephra samples that
are different have anomalously high Cs, Rb, and com-

patible (transition metals including Cr and Ni. The
anomalous compositions are the products of chemical
heterogeneities on the scale of a few grams of mate-
rial. When large masses (>50 grams) of carefully chosen
lapilli were crushed together, the anomalous compo-
sitions were not found. The contaminant has not yet
been ideatified, but it is not small fragments of the
xenoliths discussed in the next section.

XENOLITHS

ALUMINOUS CORDIERITE- AND
SILLIMANITE-BEARING XENOLITHS

1992 ejecta also include a minor proportion of
xenoliths. These are partially fused metamorphic rocks
with 60 to 70 percent SiO, which contain glass, pla-
gioclase, and some combination of cordierite, silli-
manite, garnet, biotite, pyroxene, and spinel. Their bulk
compositions fall off the trend of Mount Spurr lavas
toward high Ti, Pe, K, Cs, Rb, Ba, REE, Nb, Ta (but
not Zr and Hf), Y, U, Th, Pb, V, Cr, and Ni and low
Na, Ca, and Sr (table 3, figure 5). The bulk-xenolith
composition may not reflect the composition of the
protolith because the liquid (now glass) may have
moved with respect to the crystal residue. Additional
work on glass separates is in progress. The high tran-
sition metal concentrations and low Na make it un-
likely that xenoliths such as these have been routinely



Table 3. Whole-rock compositions of selected metamorphic xenolitbs from 1992 eruptions of Crater Peak vent, Mount Spurr, Alaska.

[Major elements normalized to 100 pegcent anhydrous. FeOt is total iron as FeO. Number of reporied decimal places may exceed analytical precision.]

Alyminous xenoliths Siliceoys xenoliths
Sample 92AMm 92AMm  S2AMm  92AMm  92JES 92AMm 92AMmM  92MHS 92AMm  92JES 92MHS 92MHS 92AMm  92JES  92JES
» 102D 111A-1 102F  111A2 05  102A  113B 042 113A 09 02a 050 1130 02 04

Major-siemnents, in weight percent
Si0, 5034 6015 6103 6234 6317 6466 6502 6539 6583 6755 6838 6919 7646 76.47 7574
TIO 1,33 1.01 0.87 0.92 0.88 0.87 1.02 0.84 D.84 Q.77 0.79 0.75 0.00 0,02 0.02
Aizéa 2469 1883 1806 19.07 1732 161B 1779 1640 1724 1586 1533 1581 1405 1313 1404
FeOt 683 857 765 7.20 7.81 677 6.73 5.96 6.63 5,82 6.07 4.40 0.57 0.71 0.48
MnO 0.06 019 0.24 0.28 D.16 0.45 0.11 0.12 0.14 0.13 0.3 0.09 0.02 0.07 0.03
MgO 3.68 3.81 334 333 an 2,88 251 2.96 244 2.85 224 212 0.00 0.01 0.00
ca® 7.95 2.08 266 175 1.84 2.96 1.49 3.04 1.99 205 1.9 234 1.10 320 1.91
Na,0 a.7s 2.45 2.90 273 1.89 292 213 224 2.64 2.16 228 224 7.1 5.85 6.47
KQ% 127 262 298 218 269 2.36 3.00 2.85 2.05 258 28 292 0.52 0.79 1.15
P205 0.10 0.29 0.25 0.20 0.33 027 018 0,20 0.29 0.23 0.23 0.16 0.18 0.06 0.16
Trace-elements, in parts per million

Cs 0.47 448 5.76 1.94 340 302 4.45 274 2.40 279 257 3.45 0.20 0.7 0.26
Rb 3084 8165 {154 5598 B34T 7148 BS48 6942 6681 7672 7599 6882 975 1326 2279
Ba 1045 1224 1258 2174 794 944 883 837 760 773 94 679 58 154 174
Sy 793 221 236 153 228 304 0t 296 228 216 243 282 45 123 116
La 1538 2095 2764 2782 2679 2457 2745 2335 2688 2382 2446 2276 175 254 348
Ce 2531 5683 5430 4672 5180 4829 5288 4443 5104 4527 4679 43.42 333 4,60 6.40
Pr 278 6.3 €.34 8.21 5.72 5.44 6.24 525 6.00 5.26 5.54 5.11 0.35 0.51 0.69
Nd 1131 2568 2604 2560 2314 2284 2645 1.2 2452 2175 2280 2084 1.04 1.85 2.51
Sm 206 583 5.92 5.49 5.22 498 6.70 479 5.70 476 5.36 472 0.39 0.50 0.67
Eu 22 1.26 1.1 1.04 1.39 1.44 1.29 1.17 1.42 1.2 139 1.23 0.02 017 0.47
Gd 253 5.04 5.74 527 458 4.71 6.49 4.38 5,00 4,45 5.06 402 0.29 0.50 0.53
Tb 0.26 082 0.8 0.85 0.80 0.7 116 0.72 0.90 0.76 088 0.68 .08 .10 0.08
Dy 1.47 474 53 5.01 5148 462 6.95 4.41 5.59 4,60 537 3.96 .49 052 0.45
Ho 03 0.94 108 1.04 1.13 0.98 1.43 0.91 1.16 .93 1.14 0.81 0.09 0.10 0.08
Er 0.8 262 328 2.96 3.39 2.66 399 258 332 264 3.30 2.28 0.24 0.26 0.20
Tm 0.1% 036 0.47 0.40 0.49 0.4 0.55 035 0.47 0.37 0.46 0.33 0.05 0.04 0.03
Yb 0.75 2.41 2,07 2.66 K] 258 339 2,40 212 2.40 295 207 0.41 0.29 0.20
Lu 0.14 039 0.5 0.42 053 0.43 0.53 0.38 .50 0.38 0.47 0.33 0.06 0.04 0.03
Y 787 2308 25 2277 3132 %29 3580 2509 2801 2541 3094 2477 271 3.45 2.78
Zr 190 170 145 171 149 149 209 152 153 136 155 160 44 3 33
Hf a7s 458 3ar 387 405 402 5.01 417 417 350 415 428 228 1.13 1.14
Nb 897 1223 1202 839 1222 114 1204 1057 912 1030 0.2t 9.50 2.26 344 349
Ta 0.64 0.81 0.84 0.59 077 0.69 0.87 0.71 0.61 0.76 0.61 0.65 0.40 0.70 0.90
Pb 423 1288 1412 1613 1353 142 1167 8.87 974 1243 1189 1177 1048 920  10.37
Th 0.8 8.48 7.05 5.67 6.93 5.3 6.31 528 6.8 5.64 5.55 5.18 0.40 0.64 c.75
U 0.38 215 2.11 247 1.66 1.5 2,30 1.65 1.07 202 1.21 1.58 4.47 223 248
Ga 28 24 0 29 20 20 2 21 18 17 20 16 17 17 16
Cu 266 110 72 87 36 59 59 70 44 9 ar 19 21 18 18
Zn 120 144 146 13g 164 109 132 80 11 106 87 74 7 1 2
v 299 242 206 26 201 7 172 167 171 163 158 130 10 14 9
Sc 13 %5 2 21 21 23 20 16 19 16 19 15 6 1 0
Cr 148 133 118 140 206 118 125 116 98 117 82 83 5 B 4
NI 48 57 56 63 97 51 46 48 52 49 a7 30 6 9 8
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assimilated by Mount Spurr magmas. Nye and Turner
(1990) appeated to a large-ion lithophile element
(LILE)-rich, high-field-strength element (HFSE)- and
heavy rare-earth element (HREE)-poor crustal contami-
nant in Spurr magmas. This component could logi-
cally be derived from small degrees of partial melt-
ing of country rock leaving such phases as garnet,
spinel], zircon, and rutile in the residue. Whereas these
xenoliths are not that component, their giass may be.
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Figure 5. Compositions of aluminous and siliceons xenoliths
compared to the mean composition of 1992 andesite. Each xe-
nolith sample was normalized to the mean of all 1992 juveniie
andesite blocks. FPeO, is total iron as FeO.

SILICEOUS XENOLITHS

A few siliceous, bright white, plagioclase-quartz-
glass xenoliths of uncertain parentage also occur. They
make up a very smal] percentage of erupted material.
Thkey have rhyolitic SiO, (table 3), but they are strongly
depleted in all elements except Na, Rb, Ta, U, and
Ni (fig. 5). Both mobile and immobile trace elements
are depleted. Concentrations of X, Rb, Ba, Zr, and Y
are all very Jow; they average around 0.8 percent, 17
ppm, 130 ppm, 36 ppm, and 2 ppm, respectively. For
comparison, concentrations of these elements in Nova-
rupta rhyolites, are 3.2 percent, 63 ppm, 900 ppm,
150 ppm, and 48 ppm (Hildreth, 1983; Nye, unpub-
lished data). The siliceous xenoliths are unlikely to
represent crustal minimum melts or any kind of a high-
temperature crustal distillate, particularly because of
their tow LILE. The parents to these xenoliths may
be some highly depleted protolith, such as hydrother-
mal veins, or they may be strongly leached rock of
some other lithology. Xenoliths that are macroscopi-
cally similar to these are also found in prehistoric Crater
Peak andesites.
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Use of Volcanic Glass from Ash as a Monitoring Tool: An
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ABSTRACT

Compositions of volcanic glass from ash ejected
during the 1992 eruptions of the Crater Peak vent of
Mount Spurr are dominantly andesitic (§i0, of 61~
62 weight percent). but they inciude much smaller
amounts of dacitic (Si0; of 63-69 weight percent)
and rhyolitic (Si0, of 74-77 weight percent) glass.
In each eruption (June, August, and September), glass
in the ash and matrix glass in rocks from proximal
deposits show similar chemical trends.

The rhyolitic glass component was first recog-
nized in the ash from the June 27, 1992, eruption of
Crater Peak. Subsequent work on proximal samples
resulted in the identification of rhyolitic glasses in
the matrices of juvenile volcanic blocks and in par-
tially melted metamorphic xenoliths (buchites). Re-
examination of prehistoric tephra materials from Cra-
ter Peak reveals a similar rhyolitic component; this

discovery suggests that generation of minor amounts
of silica-rich melt is common at Crater Peak. Rapid
analysis of volcanic glass in ash from the 1992 Cra-
ter Peak eruptions proved a useful monitor of the chem-
istry of the erupting magma.

INTRODUCTION

Volcanic ash is a common component of erup-
tions of andesitic magmas. The ash car be hazard-
ous, especially to aircraft and other air-filtering cul-
tura} activities {Swanson and Kienle, 1988; Casadevall,
1992). Volcanic ash is fine-grained material that en-
ters the air during an eruption. Ash may be injected
into the atmosphere directly as part of the explosive
phase of the eruption or as an elutriating cloud from
advancing pyroclastic flows or avalaaches. Materials
in the ash are typically glass (quenched melt) as well
as mineral and rock fragments. The mineral and rock
fragments may be juvenile magmatic material or part
of the vent fill, crater, or conduit walls that were en-
trained during eruption,

Petrologists have been reluctant to monitor the
petrologic evolution of voicanic systems using ash be-
cause of the potential for mechanical sorting during
ash transportation and deposition (Steen-Mclntyre,
1977). Another problem is the heterogeneity of ash;
it may contain various proportions of rock fragments,
mineral grains, and volcanic glass, any of which can
be accidental or comagmatic. Even so, ash can be easily
sampled and can provide samples of erupted material
before proximal materials can be samplied. Volcanic
ash can also reveal something about the nature of the
ongoing eruption (that is, whether or not new magma
is involved, Swanson and others, 1991). Buik compo-
sitions of volcanic ash are subject to sorting or con-
tamination, however, compositions of individual phases
within the ash may provide important clues about an
erupting magmatic system, especially if one can dem-
onstrate that the phase is clearly a juvenile magmatic
product,
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The glass phase (quenched melt) in the ash is a
sensitive monitor of the magmatic conditions during
an eruption (Swanson and others, 1991). Most, if not
all, the glass in andesijtic ash represents the fraction-
ated melt after crystallization of some mineral phases.
Accordingly, the composition of the melt is controlled
by the mineralogy and proportion of the crystallizing
phases, which, in turn, are controlled by magmatic
conditions (for example, temperature, pressure, water
content, and oxygen fugacity). Using the morphology
of glass particles (delicate, vesicular, often shard-like),
it is relatively easy to identify juvenile material in
the ash. Small differences in glass compositions pro-
duced by different fractionating mineral assemblages
can quickly and routinely be measured using an elec-
tron microprobe. Glass compositions from different
eruptions will be different depending on the fraction-
ation process, and there may even be changes in glass
compositions during an eruption. This lesson was
learned from numerous tephra studies of individual
eruptions (Mount St. Helens, Scheidegger and Feder-
man, 1982; Pinatubo, Pallister and others, 1992; 1912
Novarupta, Federman and Scheidegger, 1984, Avery,
1992; Redoubt Volcano 1989-90 eruption, Swanson
and others, 1994).

Volcanic glass is generally enriched in incom-
patible components with respect to the bulk-rock com-
position (see Swanson and others, 1994). Thus it is
common for andesite to have a matrix glass with a
rhyolitic composition produced by crystallization of
plagioclase, pyroxenes, FeTi oxides, and perhaps horn-
blende from the bulk magma.

If glass in volcanic ash is used to monitor mag-
matic systems during volcanic eruptions, then it must
be established that changes in the magmatic sysiem
are clearly reflected in the glass chemistry in a timely
fashion. During the 1989--90 eruptions of Redoubt Vol-
cano, there was a change from bimodal dacite-rhyo-
lite matrix glass early in the eruption to soletly rhyo-
lite matrix glass (Swanson and others, 1994). This
change in matrix glass compositions (determined from
blocks and pumice bombs) was perfectly mimicked
by the glass in the volcanic ash (Swanson and others,
1991).

Questions about the nature of the erupting ma-
terial and what that means in terms of eruption phe-
nomena are some of the first questions asked during
the early stages of a volcanic eruption {Sarna-Wojcicki
and others, 1981). Recognition of juvenile magmatic
material (typicajly represented by giass) in an erup-
tion can resujt in an upgrading of the hazard assess-
ment for that event (Fiske, 1984). Some workers
(Sparks and others, 1977; Gourgaud and others, 1989;
Pallsster and others, 1992) think that magma mixing
is an important triggering process in SOme eruptions.

Thus, the timely recognition of mixed magma during
an eruption may indicate a higher hazard level than
for single-magma eruptions.

Volcanic ash provides an ideal material for moni-
toring magmatic changes during an eruption. Glass
compositions in the Redoubt ashes (measured after the
eruption) reflected changes in the magmatic system.
This observation prompted us to consider using vol-
canic ash glass compositions as a way of monitoring
magmatic changes during a protracted volcanic erup-
tion (Swanson and others, 1991), We developed tech-
niques for rapid sample preparation and analysis of
glass from volcanic ash. The eruption of Crater Peak
in 1992 provided the opportunity to test our technique
of monitoring an ongoing volcanic eruption using glass
from volcanic ash.

1992 ERUPTIONS OF CRATER PEAK

Crater Peak, a vent on the flank of Mount Spurr
volcano, erupted three times during the summer and
fall of 1992 (Eichelberger and others, this volume).
The eruptions were from the same vent that last erupted
in 1953 (Juhle and Coulter, 1955). Each of the erup-
tions was similar to the 1953 event: a moderate
subplinian eruption that lasted for several hours and
then stopped. Each of the eruptions was accompanied
by a large ash cloud that was carried vpward from 6
to 15 km and was then dispersed to the north and
east by prevailing winds (Neal and others, this vol-
ume). Pyroclastic flows accompanied the eruptions in
August and September, and ash was produced from
these flows (Miller and others, this volume).

ERUPTION OF JUNE 27, 1992

Ash from the Jure 27 eruption came from an
erupting column with a maximum height estimated by
radar to be 14.5 km (Rose and others, this volume).
Prevailing winds carried the ash north over Mount
McKinley, just west of Fairbanks, and over the Yukon
River just downstream from Fort Yukon on June 27
(Neal and others, this volume).

The ash provided the first material from the June
27 eruption for analysis. Samples of the ash were ob-
tained from near the volcano and from distal sites (200
to 450 km north of Mount Spurr) in the Mount Mec-
Kinley area, Lake Minchumina, and Manley Hot Springs.
All of the ash samples are similar. Maximum grain
size of the ash is about 0.4 mm within 50 km of the
volcano and 0.11 to 0.13 mm in the distal samples
from beyond Mount McKinley. Most of the ash is com-
posed of dark-brown to black porphyritic volcanic rock
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fragments. The rock fragmenis contain micrphenocrysts
set in a groundmass of brown glass wilth abundant
microlites. Isolated phenocryst fragments are also found
in the ash. Plagioclase is the most common phenoc-
ryst phase. but small amounts ol augite, hypersthene,
hornblende, and FeTi oxides are also prescnt in the
ash and in the volcanic rock fragments. The hornhlende
is pleochroic from green to brown. Colorless, micralite-
frece blocky or microvesiculir fragments of glass are
rare (much less than | percent).

Al first, shortly after the eruption, il was nol
clear whether juvenile magmatic material had been
erupled. However, the presence of delicate shards of
colorless glass (fig. 1) (hat could not have survived
“recyciing™ in tlns eruption confirmed (he presence
of al least some juvenile material in the eruptive prod-
ucls. Subsequent geochemical work (Nye and others,
this volume) shows the eruptive products are compo-
sitionally distinci from other recent Mount Spurr lavas.

The June ash is a fine-grained version of the
blocks deposited near the volcano both in terms of
mineralogic composition and relative ahundance. Most
of the proximal lapilli and blocks deposited on June
27 consist of black, vesicular andesile. bul rare (much
Jess than | percent) white to light-gray composition-
ally banded pumice lapilli are also present (Harbin
and others, this volume). The dark andesite contains
phenocrysts set in a matrix of brown glass with abun-
dant microlites, whereas the light-colored pumice lapilli
conlain phenocrysts jn a matrix ot colorless, microlite-
frce glass. Details of the petrography are given in
Harbin and others (this volume). Nye and others (this
votume) discuss the bulk geochemistry of the pumice
and andesite.

ERUPTION OF AUGUST 18, 1992

Strong explosive eruptions carricd ash (o alti-
tudes of 15 km during the eruption of Crater Peak on
August 18, 1992. Winds carried the ash east, direclly
over Anchorage (Neal and others, this volume) and
then 1o the south and east over soulheastern Alaska.

With the fall of ash on Anchorage, collection of
ash samples was casy. One suite of samples (AVO-
PAT) was collected over timed intervals (about 30 to
60 minutes) as the ash fell on the patio of the Alaska
Volcano Qbservatory at Gould Hall, 124 km down-
wind from the volcano. Most of the ash fell during a
period of aboul 3 hours.

Initial maximum grain size of (he ash at Anchor-
age was about 0.5 mm in diameler, and it decreased
to about 0.3 mm by the end of the ash fall. The color
of the ash also changed from a Jight yellowish-brown
to a darker gray-brown by the end of the eruption.
The lighter color appears 10 be parlly the result of
light-gray, (ine-grained ash thal coats the darker, larger
fragments and parlly the result of a difference in ves-
icularity.

The ash consists of dense, dark volcanic rock
fragments with phenocrysts of plagioclasc, pyroxene,
hornblende, and FeTi oxides in a matrix of brown glass
rich in microlites. Fragments of these same phenoc-
rysts are also found in the ash. The amount of pla-
gioclase crystal fragments is greatest followed by py-
roxene, hornblende, and FeTi oxides. These observa-
tions are based on visual estimates. Aboul | percent
of the ash is composed of microvesicular or blocky
fragments of colorless microlite-free glass. There is
no apparent variation in the proportions of these phases
within the suite of ash samples collected during (he
3-hour ashfall.

The August 18 ash is virtually identical Lo the
ash from the June cruption and the variation in the
ash also mimics the variation in thc bombs and blocks
deposited near the voleano. Black, breadcrusted bombs
ol andesile and lighter vesicular greenish-gray andes-
e blocks are the most common component in the lahar
and pyroclastic-Mow deposits (Miller and others, this
volume) from the August eruption. This black andes-
ite corresponds (0 the dark velcanic rock fragments
in the ash, but the vesicular grecnish-gray andesite
does nol have an obvious counterpart in the ash. De-
tails of andesile petrography are given by Harbin and
others (this volume), and Nye and others (this vol-
ume) discuss the bulk composition of the andesite.

Figure 1. Sccondary electron image of a rhyolitic glass shard
from ash of the June 27, 1992, eruption of Craler Peak (ak-
en with an electron microprobe at the Umversity of Alaska,
Fairbanks by Michelle Harbin. White scale bar 1s 20 um.
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Table 1. Composition of glass from volcanic ash and pumice Japilli emapted on June 27, 1992, from Crater Peak vent, Mount Spurr volcano,

Alaska.

(*. total Fe as FeO; number of points analyzed in parentheses below sample number)

Vokanic ash Pumice lapilll
Sample no. SS-2 SS-2 JB4A JB4BI JB-4B2 JB4B2 JB-4B3 JB4B3
(13) (1) ® ©) @) (15 (14) (19)
glass color brown colorless colorless colorless colorless light brown colorless brown
SiOy 60.5140.93 76.60 74.28£1.26  75.66£1.37  71.59%123 6741145 75.87+1.37  61.00+0.80
TiOy .60+0.25 037 0.40+0.18 0.1910.13 0.3310.13 0.4410.12 0.2240.14 0.62£0.14
Al 03 17.22+1.00 12.60 13.4010.95  12.1610.87 14411048 15064055 1245147 16.9740.69
FReO* 6.4630.89 1.1 2.3140.30 1.2440.11 2.60+0.42 4.2840.52 0.8510.25 6.2310.71
MgO 2.34+0.85 024 0.5010.08 0.1540.03 0.5510.08 1.04£0.16 0.1830.15 2.5610.48
Ca0 5.45+0.61 037 1.01£0.25 0.6610.12 1.28+0.38 3.0240.38 0.7940.15 5.8510.31
NapO 4.35+0.34 3.54 2.56+0.14 0.80+0.36 3.2710.31 3,72+0.52 0.4210.13 4.3630.44
K20 1.3640.10 499 4.40%0.14 6.8310.40 3.9940.30 2.6740.16 7.06+0.33 1,4310.45
a 0.21+0.04 0.17 0.0240.01 0.0410.02 0.0320.03 0.1540.04 0.1110.03 0.2140.03
total 98.50 99.98 98.88 98.74 98.05 97.79 97.97 98.74

Buchites, partially melted blocks of metamorphic
rocks, form pumiceous blocks in the proximal August
deposits (Harbin and others, this volume). Highly ve-
sicular, colorless, microlite-free glass is present in all
of the buchites, and it ranges in abundance from trace
to 30 percent. The glass in the buchites is identical
in appearance to the small amounts of colorless glass
found in the ash.

ERUPTION OF SEPTEMBER 16-17, 1992

The major phase of the September eruption of
Crater Peak began just after midnight local time on
September -17, 1992, A series of violent explosions
again carried ash high into the air. Winds carried ash
to the east, to the north of Anchorage, and eventually
into the Yukon Territory of Canada.

Ash was sampled at 45 and 110 km downwind
from Crater Peak. The ash that fell 45 km downwind
from the volcano had a maximum grain size of 0.7 mm,
whereas the ash that fell 110 km downwind had a
maximum grain size of 0.5 mm. Petrographically, the
ash from both sites is very similar. Blocky fragments
of porphyritic andesite (containing fragments of phe-
nocrysts of plagioclase, hornblende, augite, hypersthene,
and FeTi oxides in a matrix of brown glass with abun-
dant microlites) were the most common constituent
of the ash. [solaled grains of the phenocryst minerals
were also common as angular fragments in the ash.
A few grains of quartz and cordierite were also found
in this ash during microprobe analysis. Fragments of
colortess, microlite-free, bighly vesiculated glass with
a few plagioclase microphenocrysts were noted in the
finer grained (about 0.5 mm) fraction of the ash.

Blocks from the September eruption show the
same pattern of petrographic variation as observed in
the ash. Dense, black glassy blocks of andesite con-
tain phenocrysts in a matrix of light-brown glass with
abundant microlites. Some blocks of light-gray andesite
contain phenocrysts in a matrix of colorless glass rich
in microlites of plagioclase, pyroxene, and FeTi ox-
ides. Buchites, similar to those from the August de-
posits, were also erupted in September. Harbin and
others, and Nye and others (both this volume) pro-
vide more information on the petrology and geochem-
istry of the andesites.

COMPOSITION OF THE 1992
VOLCANIC GLASSES

Compositions of volcanic glass from each of the
Mount Spurr eruptions were determined by electron
microprobe at the University of Alaska Fairbanks.
Glasses from the 1992 eruptions were analyzed on 2
four-channel electron microprobe using an 8 pm beam
at 15 Kev with a 10-sec counting time and a 0.0l
microamp sample current. Natural glasses were used
as standards. The analytical routine was designed to
minimize alkali loss in these relatively anhydrous
glasses. Experience with this same analytical routine
on the Redoubt glasses (Swanson and others, 1994)
showed no significant alkali loss occurs during the
analytical routine when sodium is measured (first [0
seconds of the analysis). All of the analyses were made
on polished grain mounts of the ash. Multiple points
were selected for analysis (one point per grain) and
the microprobe was run in the automated mode. Analy-
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Table 3. Composition of giass fcom volcanic ash erupted on September 17, 1992, from Crater
Peak vent, Mount Spurr volcano, Alaska.

[*, total Fe as FeO: aumber of poinis analyzed in parentheses betow sample pumber]

Analysk no, 198 198 198 1“8
Qasy as a4 (14
glass color brown light brown light brown colorless
i 63.0241.14 65.61£1.00 69.1644.4] 73.37+1 .68
0.5340.16 0.5240.16 0.481+0.16 0.5120.24
16.64+1.32 §5.8740.92 15.7110.68 13.28+1.02
5.14£1.12 4.65+1.04 3.0621.40 2.39£(.0%
1.8740.71 1.3940.5¢ (.8810.80 0.46%0.46
5.20£0.62 4.3040.58 32040.96 1.5430.66
5.3410.36 5.3840.36 5.1740.92 3,80+0.89
1.4320.25 1.8010.5t 2.4540.40 4.01£1.09
0.2020.05 0.213:0.06 0.1410.08 0.1540.16
T e ——— 99.37 99.73 100.25 99.51
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Figure 2. Glass compositions from the June 27, 1992 (A), 18 August 1992 (B),
and September 17, 1992 (C) eruptions of Crater Peak. Bars on the points repre-
sent the one sigma standard deviations aboul the mean of the data. Data on blocks
and buchites are from Harbin and others (this volume). Data on ash and pumice
lapilli are from tables 1-3.
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found in the 1989-90 Redoubt eruption (Swanson and
others, 1991) where matrix glass and glass from vol-
canic ash showed similar patterns of variation on the
same time scale.

The June ash contains an andesitic and rhyolitic
component (table 1). Comparison of these glasses to
the matrix glass in blocks from the June eruption
(Harbin and others, this volume) shows that the andes-
itic glass is derived from the dark gray to black “cau-
liflower” bombs noted in the proximal June deposits
(Miller and others; Harbin and others, this volume).
After recognition of the rhyolitic component in the
June ash, a careful search was made of the June proxi-
mal deposits for possible block equivalents. A few
small lapilli of light-gray pumice were found in the
proximal deposits. Some of these lapilli contained bands
with brown andesitic matrix glass. However, the domi-
nant glass in the lapilli was a colorless, microlite-
free rhyolite ranging from 68.6 to 76.3 weight per-
cent Si0, (fig. 2). The rhyolitic glass in the gray pum-
ice lapilli is very similar to the rhyolitic glass in the
ash (fig. 2).

Compositions of glass from the ash and blocks
were also similar in the August eruption (fig. 2). The
brown andesitic glass in the ash is represented in the
blocks by the dark “cauliflower” bombs of andesite.
A dacitic glass is found in the ash (table 2, column
2) and in a block of greenish andesite scoria (Harbin
and others, this vofume). The matnx glass in the andes-
itic scoria is very light brown and the glass contains
abundant microlites. Rhyolitic glass is found in the
ash (table 2, column 3), in vesicular, gray-green andes-
ite, and in buchites in the August deposits. The gray-
green andesite has colorless matrix glass without
microlites and is very similar to the rhyolitic glass
found in the ash (fig. 2). Glass in the buchites is also
colorless and microlite-free, but is slightly lower in
Si0, than either the ash or the greenish-gray andes-
itic glasses (fig. 2).

Rhyolitic and dacitic glasses are found in both
the asht and in the matrix of blocks produced in the

September eruption. The rhyolitic matrix glass is col-
orless and contains abundant microlites. Rhyolitic glass
from the ash (column 4, table 3) is identical in com-
position to the rhyolitic matrix glass found in a light-
gray prismatically-jointed andesite block (fig. 2). High-
sitica dacitic glass (about 69 weight percent Si0,) is
found in the September ash (table 3, column 3) and
in the matrix of a black prismatic andesite block. The
two high-silica dacitic glasses are very similar in com-
position (fig. 2). Brown, microlite-rich low-silica dacitic
and high-silica andesitic glasses are found in the ma-
trix of blocks from the September eruption (Harbin
and others, this volume), and the low-silica dacitic
matrix glass is similar to glass in the ash (fig. 2).

GLASS COMPOSITIONS OF TEPHRA
FROM PREHISTORIC ERUPTIONS OF
CRATER PEAK VENT, MOUNT SPURR

Brown andesitic glass, similar to that erupted in
1992, is the common glass in the prehistoric tephra
from Crater Peak vent of Mount Spurr (Riehle, 1985)
and is easily recognized in the Quaternary deposits
of south-central Alaska (Riehle, 1985; Beget and oth-
ers, 1994). These are the only Cook Inlet volcanoes
that have produced andesitic glass—the other Cook
Inlet voleanoes produce dacitic or rhyolitic glasses
(Riehle, 198S5).

A volumetrically small bug persistent rhyolitic
glass phase is also found in the prehistoric tephra from
Crater Peak (Riehle, 1985). The rhyolitic glass is col-
orless and microlite-free. Commonly the rhyolitic glass
is vesicular. Reexamination of microprobe analyses
reveals that rhyolitic glass is present in most prehis-
toric Crater Peak tephra samples.

New analyses of this rhyolitic component (table
4) have been done on some prehistoric tephras to com-
pare these rbyolitic glasses with those of the 1992
eruption. The rhyolitic glasses in the prehistoric te-

Table 4. Rhyolitic glass compositions of prehistoric basal tephras and pyroclastic-flow samples

from Mount Spurr volcano, Alaska.

(*, total Fe as FcO: numbec of points analyred in pacentheses below sample number]

Pyroclastic flow Basal tephra
§i0g e 74.58+0.75 74.0632.35 74.613%1.75 73.4611.95
) 10 Y - 0.3930.03 0.4510.16 0.4510.09 0.4620.07
Y — 11.8940.72 12.5740.44 13.310.67 12.53+1.52
| 2= o | — 1.4510.14 2.11+0.80 1.8640.47 2.(0+0.33
MnO ~ e vane- ~ 0012002 0.0840.03 0.0540.04 0.0640.03
MO -—mesmmnae 0.134£0.06 0.0410.45 0.27+0.12 0.4330.23
CaD e 0.7220.37 1.42+0.43 1.4040.30 1.48+0.66
NagO -remsmmee e 3.0040.21 2.9740.36 2.9640.26 2.8410.2}
K9Q ~mcemmmm e 4.4530.16 3.9640.78 40120.17 3.8510.87
K P —— 96.62 98.02 9892 96.94
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phras are very similar to those from the 1992 erup-
tions. All of the Crater Peak vent of Mount Spurr thy-
olitic glasses are peraluminous and they show similar
ranges of alkali content (fig. 3).

Ca0

®  Dblacks and lapilhi

0 ash

j andesitic
@ dacitic

rhyolitic

Na,O K,0
A
CaO
o
Cﬁb
Na,O K,0
B

Figure 3. A, Compositions of the 1992 Crater Peak glasses
in terms of CaO-Na,0-K,0. Compositional fields outline
andesitic, dacitic, and rhyolitic glasses. Data sources as in
figure 2. B, Individual anatyses (averages given in table 4)
of rhyolitic glasses in prehistoric Crater Peak tephras in
terms of Ca0-Na,0-K,0. Composition fields for Lhe 1992
glasses are reproduced from figure 3A.

DISCUSSION AND FUTURE WORK

Glass compositions in the ash from the 1992 erup-
tions of Crater Peak provided a valuable means of
monitoring changes in the magmatic system. The glass
compositions in the ash and matrix glass from blocks
all show the same patterns for each of the eruptions.

Rhyolitic glasses similar to those in the [992
eruption occur in prehistoric tephra from Mount Spurt
and Crater Peak, indicating that the 1992 eruption was
typical of other prehistoric eruptions. Rhyotitic glass
occurs in ash, the matrix of blocks, and in buchites
from the August 1992 eruption (fig. 2). All of these
rhyolitic glasses are very similar (fig. 3), supporting
an origin of the rhyolitic melt by partial melting of
metamorphic basement rocks. The variable alkali con-
tents of the rhyotitic glasses (for example, compare
sodium and potassium of columns 3-8, table 1) are
typical of the disequilibrium melts produced in the
initial stages of melting pelitic buchites (Grapes, 1986).
The occurrence of these rhyolitic glasses in prehis-
toric deposits suggests that similar buchites should be
found in prehistoric Crater Peak deposits.

During an eruption of muitiple magmas it is com-
monty difficult to estimate the relative proportions of
each of the magmas. Glass compositions in volcanic
ash provide a relatively easy technique for estimating
relative proportions of magmas in an eruption. For
example, table 3 shows averages of glass analyses that
represent over 250 individual analyses of glass in a
bulk sample of the September ash. All of the points
were selected randomly in a polished grain mount.
Most of the glass in the September sample is repre-
sented by low-silica dacitic compositions (234 out of
262 total analyses); high-silica dacitic and rhyolitic
glasses each amounted to only 14 out of 262 analy-
ses. This provides one quantitative way of determin-
ing the relative proportions of the magmatic compo-
nents that erupted in September. Some caution is needed
in the application of this technique because of the
potential for differential sorting of comagmatic phases
in the ash clouds. The fragments of crystal-rich andesite
glass might be expected to fall closer to the voicano
than the relatively erystal free shards of rhyolite glass,
but this has not been apparent in the petrographic ex-
amination of proximal and distal samples. When ash
can be sampled sequentially, either as it falls or from
well-preserved stratigraphy within the ash layer, de-
tailed analysis of the subsets provides useful clues to
magmatic variation during an eruption.
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CONCLUSIONS

Voicanic ash provides important clues to the na-
ture of an erupting magmatic system. The composi-
tion of glasses in the 1992 Crater Peak ashes proved
that new (different from prehistoric) magma was be-
ing erupted and that a small rhyolitic component was
involved in ‘the eruption. Because the ash was dis-
persed great distances from the volcano, it was pos-
sible to sample the magma at safe, distal Jocations.

REFERENCES CITED

Avery, V.F, 1992, A petrogenetic study of the dacite from the 1312
eraption of Novarupta, Katmai Nationaf Park, Alaska: m-
plications for magma storage tocations: M.S. thesis, Univer-
sity of Alaska Fairbanks, Fairbanks, Alaska, 177 p.

Beget, J.E., Stihler, S.D., and Stone, D.B.. 1994, A 500-year-long
record of tephra falls from Redoubt Volcano and other vol-
canoes in upper Cook Inlet, Alaska: Journal of Volcanology
and Geothermal Research, v. 62, p. 55-67.

Casadevall, T.J., 1992, Volcanic hazards and aviation safcty: Fed-
eral Aviation Administration Aviation Safety Journal, v. 2,
p.9-17.

Federman, A.N., and Scheidegger, K.F., 1984, Compositionat het-
erogeneity of distal tephra deposits from the {912 enuption
of Novarupta, Alaska: Journal of Volcanological and Geo-
thermal Research, v. 21, p. 233-254.

Fiske, R.S., 1984, Volcanologists, journalists, and the concerned
public: A tale of two crises in the eastern Canibbean, in Ex-
plosive voleanism: Inception, evolution and hazards, Wash-
ington, D.C., National Academy Press, p. 170-176.

Gourgaud, A., Fichaut, M., and Joron, J.L.. 1989, Magmatology of
Mt. Pele (Martinique, FW.L): Magma mixing and trigger-
ing of 1902-1929 nuees ardentes, Journal of Volcanology
and Geothermal Research, v. 38, p.143-169.

Grapes, R.H., 1986, Melting and thermal reconstitution of pelitic
xenoliths, Wehr Volcano, Bast Eifel, West Germany: Journal
of Petrology. v. 27, p. 343-396.

Juhle, W., and Coulter, H.W., 1955, The Mt. Spurr eruption, July 9.
1953: American Geophysical Union Transactions, v. 36, p.
199-202.

Pallister, ].8., Hobtit, R.P., and Reyes, A.G., 1992, A basalt trigger
for the 1991 eruptions of Pinatubo volcano?: Natuse, v. 356,
p. 426—428.

Riehle, J.R.. 1985, A reconnaissance of the major Holocene tephra
deposits in the upper Cook Inlet region, Alaska: Journa} of
Volcanology and Geothermal Research, v. 26, p. 37-74.

Sama-Wojcicki, A.M., Waitt, R.B., Jr., Woodward, MJ., Shipley,
S.,and Rivera, ]., 1981, Premagmatic ash esupted from March
27 through May 14, 1980—Extent, mass, volume, and com-
position, in The 1980 eruptions of Mount St. Helens, Lip-
man, P.W., and Millineaux, D.R., eds., U.S. Geological Sur-
vey Professional Paper 1230, p. 569-575.

Scheidegger, K.F., and Pederman. A.N., 1982, Compositional het-
erogeneity of tephras from the 1980 eruptions of Mount St.
Helens: Journal of Geopohysical Research, v. 87, p. 10861—
10881.

Sparks, R.S.J., Sigurdsson, H., and Wilson, L., 1977, Magma mix-
ing: A mechanism for triggering acid explosive eruptions:
Nature, v. 267, p. 315-318.

Steen-Mcintyre, V.C,, 1977, A manual for tephrachronology: 1da-
ho Springs, Colorado, 167 p.

Swanson, S.E., and Kienle, J., 1988, The 1986 eruption of Mount
St. Augustine: Field test of a hazard evaluation: Joumal of
Geophysicai Research, v. 93, p. 4500—4520.

Swanson, S.E., Beget, J.E., and McGimsey, R.G., 1991, Composi-
tional equivalence of tephra and groundmass glasses in the
1989-90 efuption of Mount Redoubt: Implications for erup-
tion monitoring [abs.}: Geological Saciety of America Ab-
stracts with Program, v. 23, no. 5, p. A396.

Swanson, S.E., Nye, CJ., Miller, T.P.,, and Avery, V.E, 1994,
Geochemistry of the $989-1990 eruption of Redoubt Volca-
no: part }1. mineral and glass chemistry: Journal of Volca-
nology and Geothermal Research, v. 62, p. 453-468.






Preliminary Petrology and Chemistry of Proximal Eruptive
Products: 1992 Eruptions of Crater Peak,
Mount Spurr Volcano, Alaska

By Michelle L. Harbin, Samuel E. Swanson, Christopher J. Nye, and Thomas P. Miller

CONTENTS
Abstract 139
Introdyction 139
Petrology and chemistry - 141
Analytical techniques 141
Groundmass glass 141
Mineralogy 143
Plagioclase 143
Clinopyroxene 143
Orthopyroxene — 144
Amphibole 145
Opaque minerals 146
Crystal clots 146
Xenoliths --- 146
Discussion - 146
Summary - 148
References cited --- 148

ABSTRACT

The 1992 eruptions of Crater Peak, Mount Spurr,
Alaska, produced two types of andesite distinguished
macroscopically by color and texture. The two andesites
also have slight petrographic differences. The min-
eral assemblage of plagioclase, orthopyroxene, clino-
pyroxene, amphibole, and FeTi oxides is the same for
both andesites, and compositions of the mineral phases
are nearly identical. However, the color ard compo-
sition of the groundmass glass differ; one type is brown
and andesitic (60-62 weight percent Si0,) and the
other type is colorless and rhyolitic {(73-75 weight
percent Si0,). Intermediate dacitic glass compositions
are also present. The stability of hornblende phenoc-
rysts also differs between the andesites. In the andes-
ite containing brown andesitic glass, hornblende typi-
cally shows little or no reaction corona, whereas in
andesite with rhyolitic groundmass glass hornblende
phenocrysts have well-developed coronas. Xenoliths
of partially melied metamorphic rocks were also ejected
during the eruptions.

INTRODUCTION

Mount Spurr, Alaska, located approximately 125
km west of Anchorage, is the northernmost histori-
cally active volcanic center of the eastern Aleutian
arc. Prehistoric Mount Spurr was an andesitic strato-
volcano that underwent avalanche caldera formation
approximately 10,000 years ago (Nye and Turner,
1990). Following subsequent ash flows, a dacite dome
was emplaced in the caldera and now forms the sum-
mit of Mount Spurr. Crater Peak, a flank vent, was
built in the breach of the southern caldera rim and
has been the site of historic volcanism, including the
eruptions in 1953 and 1992,

The 1992 eruptions were subplinian (after Fisher
and Schmincke, 1984) and occurred on June 27, Au-
gust )18, and September 16-17. Each eruption lasted
3.5 to 4 hours (AVO, 1993; Eichelberger and others,
this volume). Most of the eruptive material consisted
of tephra fall (Neal and others, this volume; Swanson
and others, this volume);, pyroclastic flows (Miller
and others, this volume), debris flows (Meyer and oth-
ers, this volume), and ballistic showers (Waitt angd oth-
ers, this volume) were less significant. This study con-
centrates on juvenile blocks emplaced either as bombs
or as clasts in the pyroclastic flows during all three
eruptions (table 1). Originally, there was some debate
as to whether juvenile material was ejected during the
June eruption. However, presence of fresh vesicular
glass fragments in the distal tephra fali (Swanson and
others, this volume), small pumice {apilli, and geochem-
istry (Nye and others, this volume) indicate that ju-
venile magma was indeed erupted. Recycling of 1953
olivine-bearing material may be reflected in two
olivine-bearing samples—one cotlected from the June
deposits, and one collected from a September pyro-
clastic fiow. The ejecta have been broadly classified
into three groups, two of which are juvenile andesite
on the basis of hand-sample characteristics. The first
group consijsts of brown-black, breadcrusted, cauli-
flower-shaped andesite (approximately 95 percent by
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Table 1. Eruption date, location and description, and bulk and groundmass glass weight percent §i0, of individual andesite samples from 1992 eraptions of Mount
Spurr, Alaska.

[Bulk-rock data from Nye and others, this volume. Average values for both bulk-rock and groundmass glass normalized to 100 percent. NA, not analyzed]

orl1

SiOso content  SiQO2 content

Sample number Eruption date  Location and description bulk rock groundmass glass
92JBS-01 June 27 Dense, brown, cauliflower-shaped andesite bomb (23 ¢m in 56.68 61.74+0.84
diameter)
92JBS-03A June 27 Black rounded breadcrusted andesite bomb {8 cm in diameter) 56.61 61.36+0.85
92.)BS-04A June 27 White pumice lapifli (1 cm in diameter) NA 74.85+0.54
92JBS-04B1 June 27 Pumice lapilli (1 cm in diameter) NA 77.04+1.49
92JBS-04B2 June 27 Pumice lapilli (1 cm in diameter) NA 68.05+2.27; 72.31+1.63
92)BS-04B3 June 27 Pumice lapilli (1 cm in diameter) NA 61.021+0.77;, 77.18+1.65
92CNS-03B June 27 Rounded breadcrusted (cauliflower-shaped) andesite bomb (8 NA 60.5910.98
cm in diameter) from north side of Crater Peak (2,149 m
elevation)
92MHS-12 Aug. 18 Brown cauliflower-shaped andesite (9 cm in diameter) from NA 62.1810.78
pyroclastic flow (762 m elevation)
92AMmM-101 Aug. 18 Brown andesite from pyrociastic flow 58.45 60.4410.64
92AMmM-102GS Aug. 18 Greenish colored scoria from fallout 56.59 65.87+1.60
92AMmM-111A-1 Aug. 18 Pumicecus metamorphic clast 60.15 73.42+0.67
92AMmM-111A-3 Aug. 18 Pumiceous metamorphic clast 66.68 74.4410.75
92AMmM-111B Aug. 18 Brown andesite from east side of Crater Peak 56.50 61.82+1.00
92AMmM-113A Aug. 18 Pumiceous metamorphic material from pyroclastrc fowonthe  65.02 74.97£0.90
south side of Crater Peak
92AMmM-113C Aug. 18 Sugary, grayish-green andesfte from pyroclastic flow on the 58.84 75.56+0.38
south side of Crater Peak
92AMmM-120A Sept. 17 Grayish-green prismatic andesite from 1,402 m elevation on 56.52 74.0341.24
the west tongue of Kidazgeni Glacier
g2AMm-120B Sept. 17 Dark-gray to black prismatic andesite from 1,402 m elevationon 56.54 67.47£1.68
the west tongue of Kidazgeni Giacier
92AMm-128a Sept. 17 Dark-gray to black andesite from 1,829 m elevation of 57.19 64.36+£1.18
Kidazgeni Glacier
Stop 35 Sept. 17 Brown vesicular andesite from 1,402 m elevation of Kidazgeni 57.85 62.34£1.04; 64.60£0.83
Glacier 65.4440,70
8920924-3 Sept. 17 Dense, dark-gray to black andesite from 1,402 m elevation of 56.62 64.72+1.06
Kidazgeni Glacier
820926-6 Sept. 17 Dark-gray to biack andesite from 1,402 m elevation of 57.05 64.351£1.37

Kidazgeni Glacier
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volume of pyroclastic flows). The second group con-
sists of greenish-gray andesite (approximately 1 per-
cent by volume of pyroclastic flows) erupted in Au-
gust and September. The third group consists of xe-
noliths and old volcanic rocks (approximately 4-5 per-
cent by volume of pyroclastic flows) (Miller and oth-
ers, this volume).

PETROLOGY AND CHEMISTRY

Petrographically, the andesite of the first two
groups are nearly identical. Both contain phenocrysts
of plagioclase, orthopyroxene, clinopyroxene, hora-
blende, and FeTi oxides. One difference between the
andesites is the groundmass glass. The brown andes-
ite has a groundmass of very microlite-rich (plagio-
clase, pyroxene, FeTi oxides) brown glass. The green-
ish-gray andesite has a colorless groundmass glass with
or without microlites. The other striking difference
between the two andesite types is the apparent stabil-
ity of hornblende phenocrysts. Hornblende in the brown
andesite does not have reaction coronas, but hornblende
phenocrysts in the greenish-gray andesite have well-
developed reaction coronas.

Metamorphic xenoliths are present in small pum-
ice lapilli from the June eruption and as large blocks
in the pyroclastic flows and bomb fields of August
and September. These xenolithic blocks are as much
as 50 em in maximum diameter and typically are highly
inflated (40-60 percent vesicles). Phases represented
in the xenoliths include vesicular colorless rhyolitic
glass, quartz, plagioclase, pyrrhotitetorthopyroxene
tcordieritexspineltmagnetitetiimenitetsillimanite
tbiotitetgarnettapatitetgraphitexcorundum.

ANALYTICAL TECHNIQUES

Analyses of polished thin sections were performed
on the four-channe!l electron microprobe at the Uni-
versity of Alaska, Fairbanks. Mineral analyses were
done using an accelerating voltage of 15 Kev, a beam
current of 10 nA, a beam diameter of 5 pm, and a
counting time of 10 sec per element. Well-character-
ized natural minerals were used as standards. Glass
analyses were done at {5 Kev, 10 nA, 8 pm, and a
10-sec counting time per element. Natural glasses were
used as standards for all major elements. The scapo-
lite standard was used as a standard for chlorine. This
analytical routine was designed to minimize Na loss
duning analysis of these glasses. Analysis of Redoubt
Volcano samples using this same analytical routine
(Swanson and others, 1994) indicates no significant
loss of Na during an analysis when Na is measured

within the first 10 seconds of the analysis. Analyses
that clearly included mineral grains were eliminated
from the data set. Statjstical tests were then performed
on the data set to develop a good total range of ac-
ceptable analyses. The microlite-rich glasses were the
most contaminated, and some of the heterogeneity of
these glasses can be attributed to the presence of the
microlites.

GROUNDMASS GLASS

The brown-black andesite of the June and Au-
gust eruptions contains a microlite-rich brown glass,
but most samples from the September eruption and
some from the August eruption contain a microlite-
rich, lighter-brown glass. However, it is nearly im-
possible to macroscopically identify samples with the
light-brown glass because they are similar to samptes
with a brown groundmass glass in August deposits,
but the clasts from September are lighter in color. Au-
gust and September ejecta also contain greenish-gray
andesite with a colorless groundmass glass.

Color differences among the groundmass glass
types identified to date correlate with differences in
the composition of the glass. Compositionally, the
brown microlite-rich glass from the June and August
eruptions ts andesitic (60—62 weight percent Si0,) (fig.
1, table 2). Small pumice lapilli on the surface of the
June deposits contain brown andesitic (60-62 weight
percent SiO,) (the same as that in the large brown-
black blocks) and dacitic (65-71 weight percent Si0,)
glass and colorless glass that is dacitic (68-73 weight
percent Si0,) and rhyolitic (75-79 weight percent SiO,)
in composition. The boundaries between the (wo glasses
are sharp. One sample from the August eruption has
a light-brown microlite-rich glass that is dacitic (ap-
proximately 65 weight percent SiO,).

Brown-black andesite from the September erup-
tion is lighter in color and contains lighter, more si-
Jicic groundmass glass relative to that of the June and
August brown-black andesite. September glasses are
mostly dacitic (63-68 weight percent SiO,) (fig. 1,
table 2) but show a wide compositional range among
and within samples. This change in dominant glass
composition was also observed in analyses of distal
tephra fail (Swanson and others, this volume).

One sample from September (Stop 35, table 1)
contains all three colors of glass (brown, light brown,
and colorless) with diffuse contacts between the three
glasses; some of the brown glass has an andesitic com-
position similar to that of June and August samples
(table 2), and some is more similar to the light-brown
glass in the sample. Both the light-brown glass and
colorless glass are dacitic, but the light-brown glass
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Figure 1. Histogram of groundmass glass compositions analyzed for each of three eruptions
of Mount Spurr volcano, Alaska. June and August brown glasses are nearly identical, but the
peak is shifted toward more silicic compositions in September. The August and September
colorless glasses are also nearly identical. “Percent of Analyses” is the percentage of total
analyses of a given weight percent Si0O;. The total number of analyses varies for each erup-
tion, 71 for June samples, {11 for August, and 261 for September. n. number of samples
analyzed from each eruption.

Table 2. Average groundmass glass compositions for andesite from 1992 eruptions of Mount Spurr volcano, Alaska.

{*. total Fe as Fe,05; n, number of analyses: t. sample from June eroption; #, sample from Avgust eruption; §, sample from September eruption}

Andesite glass Dacite glass Rhyolite glass
22088017 92/B503A7 g2AMmINBY  S1p3s¥ pzaMmiceGs? g2AM;mizes¥  s2ammizor’ o2amMmuiac?  ezammizoa’

Si02 60.39+1.63 61.3440.81 80.98+0.89 61.6530.80 652442.04 63.27+1.36 67.08+1.61 74,2840 .54 73.46+1.27
TiOz 0.6740.12 0.86+018 0.65+0.18 0.5010.07 0.48+0.15 0.5640.21 0.60+0.18 0.3940.18 0.2820.12
Alzo:l 16.2410.60 15.9530.71 15.44x1.11 16.2 H0.41 15.7621.53 15.8640.93 14.61£1.07 12.21+0.14 13.4141.01
Feaoz' 6.92+0.69 7.6410.63 7.3410.80 7.0341,20 5.241£1.03 €.0910.90 65.3440.82 2.68140.21 2.49+0.40
MgO 2.1410.43 2.3320.67 2.8020.94 2.2640.32 1.21+0.70 1.7510.48 0.9410.45 0.384+0.03 0.26+0.04
Cal 5.6120.31 5.73140.33 5.3410.48 5.0940,35 A 354092 4.504+0.55 3.67+0.64 1.3640.19 1.57+£0.67
NaZO 438+0.17 4914025 4.54+0.28 4454019 4.75+0.37 450026 4.853+0.29 3.7240.15 4.4130.26
Kzo 0.8740.12 0.8640.18 0.654+0.18 0.5010.07 1.8603+0.23 1.5840.20 2.1420.31 2.6640.08 3.0220.28
Cl 0.1240.04 0.2140.04 0.184£0.04 0.174£0.04 02110.04 0.1840.04 0.20+0.05 0,3320.04 0,35+0.07
Total 97.8121,83 99.9710.53 99.85+0.69 98.90+1,36 98.041+0.95 58.31%1.30 99,424+0.51 98.3120.56 99.2340.62

n 14 44 24 7 22 ag 3z 46 44
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is slightly less Si rich. The three glasses also contain
different microlite abundances. The brown glass is very
rich in microlites, the light brown glass has abundant
microlites, and the colorless glass is relatively free
of microlites.

Blocks of greenish-gray andesite in August and
September ejecta have a colorless groundmass glass
that is rhyolitic (73-75 weight percent SiO,) and
peraluminous (table 2). The sample from the August
eruption contains no microlites in the groundmass glass,
but the sample from the September eruption has abun-
dant microlites.

MINERALOGY

PLAGIOCLASE

The modal percentage of plagioclase ranges from
approximately 17 to 31 perceat (dense rock). It makes
up 70 to 90 percent of the phenocrysts, and it typi-
cally occurs as euhedra) crystals as much as 1 mm
long with rormal, reverse, oscillatory, and patchy zon-
ing. Sieved (abundant glass inclusions) cores or zones
parallel to grain boundaries are very common in pheno-
crysts.

An
80 50
%0
Ab EXPLANATION Or
B June Sample
® August Sample
A September Sample
A

Figure 2. A, Range of plagioclase rim compositions of
andesites for cach of the 1992 Mount Spurr ereptions.

Rim compositions vary over the eruption sequence
and correlate with the composition of the groundmass
glass; rhyolitic glass samples contair the more sodic
compositions. In June samples, rims range from Ang,
to Angg, in August samples, they range from Ang, to
An,,, and in September samples, they range from Angy
to Anyy (fig. 24, table 3). Samples from throughout
the eruption series that contain similar groundmass
glasses have similar compositional ranges. A range
of Ang, to Angs characterizes andesitic glass, Angg to
Angq characterizes dacitic glass, and Anys to An,; char-
acterizes rhyolitic glass (fig. 2B).

CLINOPYROXENE

Light-green, weakly pleochroic clinopyroxene
phenocrysts make up less than ! percent of the mode
(dense rock) in both andesite types. Crystals are
subhedral to euhedral and less than 0.5 mm in length.
The restricted compositional range of Enyg 44 Fsy4_19
Wo13g 44 (rim compositions) (fig. 3, table 3) is nearly
identical to that of prehistoric Mount Spusr clino-
pyroxene (Nye and Turner, 1990). There is no clear
change in composition with changing groundmass glass
composition nor any compositional change through the
eruption series.

An
50
S0
A\V4
Ab Or
EXPLANATION

¢ Sample containing andesitic glass
® Sample containing dacitic glass
O Sample containing rhyolitic glass

B

Figure 2. Continuved. B, Range of plagioclase rim com-
positions for different groundmass glass compositions.



Table 3. Representative analyses of plagioclase and clinopyroxene of andesites from 1992 cruptions of Mount Spurr volcano, Alaska.

[*. total Fe as Re,04; pyroxene recalculation scheme from Lindsley (1983) and represenls rim compositions; FeO,, total measured iron as PeO;
Mg#. Mg/(Mg+Fe)+100; t, sample from June eruption: ¥, sample from August eruption; §. sample from Sepiember eruption)

Plagioclase
t oeAMm1isB?  g2AMmiozes?t  gammitact 92AMm12ga8 92AMm 12048
SiOz 49.3%9 50.34 46.89 58.90 48.84 53.88
AI203 32.27 31.29 33.98 26.04 33.69 28.52
Fe20g" 0.52 0.68 0.50 0.19 029 0.56
Ca0 14.92 13.44 16.45 7.49 16.54 10.97
NazO 2.88 3.44 215 6.93 2.15 520
Ko0 0.03 0.01 0.02 0.34 0.04 0.08
Totad 99,99 99.18 99.99 99,60 99.57 99.24
An 74.11 €8.25 B0.78 45.68 80.75 53.61
Ab 25.69 31.84 19.14 82.25 19,05 45.99
Or 0.20 0.10 0.10 2.07 020 0.40
Clinopyroxene
9208s03At  o2oNsosst  e2AMminBY  geAMmiceast RAMm1t1acF  92AMm120AS
SiOz 50,33 61.89 52.41 52.17 51.73 £2.11
TO2 0.54 0.38 0.37 0.44 0.44 0.35
AO3 3.28 2.00 1.95 2.40 242 1.70
F6203 2.79 .83 1.04 0.55 1.37 1.5
Fa0 8.74 7.40 8.70 8.47 7.56 823
MnrO 0.41 0.43 0.28 0.32 0.30 0.42
MgO 15.72 18.30 16.97 15.72 15.36 18.32
Cal 20.03 19.78 18.24 18.79 20.66 198.27
NasO 0.33 0.26 0.27 0.28 0.35 0.26
Total 100.17 100.07 100.28 100,12 100,19 100.17
FeOy 9.25 08.87 9.64 8.98 8.79 9.58
En 44.23 45 81 47.59 44.71 43.48 46.68
s 15.25 14.60 15.62 14.82 14.45 15.70
Wo 40,52 39.79 38.79 40.47 42.07 38.71
Mg# 74.38 75.76 75.29 76.11 75.06 74.38
Di Hd ORTHOPYROXENE
ﬁl Orthopyroxene phenocrysts are the most abun-

dant mafic phase in all andesite samples, typically 3
to 7 percent of the mode (dense rock). Crystals are
subhedral to echedral and as much as [.2 mm long,
pale greenish-brown, and weakly to moderately pleo-
chroic. Some crystals have zones (typically cores) that
are more strongly colored. The abundance of such

En Fs “cored” crystals appears to increase in samples from
EXPLANATION each succeeding eruption. The wide compositional range

O Clinopyroxene analysis of Engg.74 FS95_5) Wog3_s (rim compositions) (fig. 3,

. table 4) is similar to that for prehistoric orthopyroxene

O Orthopyroxene analysis (Nye and Turner, 1990). Unlike clinopyroxene, the

arthopyroxene shows a compositional change with
thopyroxene rim compositions of andesite samples from groundmass glass composition. Orthopyroxene phenoc-
three eruptions of Mount Spurr, Alaska, in 1992. Di. rysts in andesitic and dacitic glass samples havc.a
diopside; Hd, hedenbergite; En, enstatite; Fs. forsterite. similar range of Eng;_74 Fsy4_37 Wo0g g5, but thyalitic

Figure 3. Representative range of clinopyroxene and or-
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glass samples contain orthopyroxene with more iron
-rich Composilions (En49_73 F524_5| W00_3_5).

AMPHIBOLE

Pargasitic amphibole phenocrysts (Hawthorne,
1981) form less than 2 percent of the mode (dense
rock) in all samples. Crystals are euhedral to anhedral,
less than 2 mm in largest dimension, and pleochroic
in shades of green and brown. Coronas of plagioclase,
orthopyroxene, and FeTi oxides surround amphibole
in some samples and presumably record disequilibrium.
Weli-developed coronas are dominant in samples with

a colorless rhyotitic groundmass glass, whereas samples
containing brown groundmass glass typically lack evi-
dence of disequilibrium. However, amphibole both with
and without coronas are found in some samples. Com-
positionally, the amphibole is high in Al (AIIV) =
1.35-2, based on 23 oxygens) and alkalies (Na + K
in A site = 0.6-0.85) (table 4), similar to the range
for prehistoric Mount Spurr amphibole (Nye and Turner,
1990). Pargasitic Mount Spurr amphibole falls at the
end of the Aleutian amphibole trend (Kay and Kay,
1985) and is similar to other eastern Aleutian pargasitic
amphibole (from Augustine Volcano (Daley, 1986) and
Redoubt Volcano (Swanson and others, 1994)) (fig. 4).

Table 4. Representative analyses of orthopyroxene and hornblende of andesite from 1992 eruptions of Mount Spurr volcano, Alaska,

[Pyroxene recalculation scheme from Lindsley (1983) and represents rim compositions; FeO,. total measured iron as FeO; Mg#, Mg/
(Mg+Fe)«100; t, sample from Juse ernption; 3, samplc from Augast eruption; §, sample from September eruption]

Orthopyroxene
g2)Bso3AT  g2eNsoaBt  92AMmi118¥  92AMmic2GS?  g2AMmitact  92AMmizZ0a$

SiOz 532% 5421 B3.17 53.04 51.3¢ 62.01
TO» 0.19 0.12 0.16 026 0.19 0.18
A03 1.66 0.96 1.09 1.80 125 253
FeOs 1.87 1.33 1.47 1.32 0.18 2,00
FeO 13.82 13.86 16.62 14.79 25.39 15.69
MnO 0.63 0.47 0.69 0.52 0.77 0.51
MgD 26.58 27.54 25.54 26.29 1024 25.32
CeQ 2.11 1.49 1.20 1.62 0.87 1.49
NazO 0.03 0.06 0.00 0.00 0.01 0.00
Total 100.10 100.04 99.94 99.74 g89.21 98.71
FeOt 156.50 15,06 17.94 15,88 25.55 17.49

En 71.64 73.78 89.29 71.81 55.54 69.37

Fs 24.38 23.35 28.37 25,23 42,65 27.69

Wo 4,08 2.87 2.34 3.16 1.81 2.94
Mg# 74.68 75.86 70.96 73.95 56.87 71.47

Hornblende
92cNsoat  g2AMmiiBt  2AMmiczas?  s2AMmitac? 92AMm 12088

SiOz 42.84 42.94 42.87 42,64 43,38

TiO 2 2.14 238 2.70 2.61 2.38

AIZOS 13.51 12.74 11.23 1t.92 12.45

FeOt 10.64 12.69 12.60 12.85 12.09

MnO 0.07 0.11 0.27 0.15 0.30

MgO 15.01 13.34 14.26 13.53 13.91

CaO 11.10 10.75 10.70 11.01 1027

NaxO 2.38 2.30 245 2.42 2.28

Ko 0.26 0.38 0.35 0.35 0.31

(o} 0.04 0.08 0.05 0.06 0.03
F 0.14 023 0.37 0.37 0.05

N0 1.99 1.90 1.83 1.83 2.02

=0 -0.06 -0.10 .16 -0.18 -0.02

Cl=0C <0.01 -0.02 -0.01 .01 -0.0%

Total 100.02 99,73 998.52 95.56 99,92
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Pigure 4. AI(IV) versus Na + K for homblende of this
study and hornblende from Mount Spurs and other Aleu-
tian volcanoes from Nye and Turner (1990) and Kay
and Kay (1985).

OPAQUE MINERALS

Opague minerals are dominanily magnetite, but
include a trace amount of pyrrhotite, and they may
make up as much as 5 percent of the mode (derse
rock). Magnetite occurs as anhedral to subhedral crys-
tals less than 0.2 mm in maximum dimension. Pyr-
rhotite occurs as anhedral masses as much as 0.5 mm
in maximum dimension.

CRYSTAL CLOTS

Small (< 2 mm) crystal clots of different miner-
als are found in all samples (1-2 percent of the mode).
The most common clots are (1) plagioclase and mag-
netite; (2) orthopyroxene and magnetite; (3) plagio-
clase, orthopyroxene, and magnetite; and (4) poikilitic
harnblende and plagioclase. Clinopyroxene is also
present in some clots. The pyroxene crystals are
subhedral to anhedral, whereas the plagioclase is
subhedral to euhedral and typically somewhat sieved.

XENOLITHS

Metamorphic inclusions are present in many
samples. The inclusions are of three types: (1) pla-
gioclase and spineltFeTi oxides, (2) polycrystalline
quartz, and (3) plagioclase, quartz, sillimanite, spinel,
FeTi oxides, pyrrhotite+biotitetcordieritecorundum.
Grains of cordierite are present in some andesites and

are probably derived from xenoliths. Nye and Turner
(1990) also described plagioclase-spinel clots in Mount
Spurr lavas, which they inferred to be altered an-
orthosite. The ubiquitous nature of spinel in the large
metamorphic blocks suggests that they are of meta-
morphic origin. Xenoliths of older volcanic material
are also present in some samples.

DISCUSSION

The brown-black and greenish-gray andesites are
petrographically and geochemically similar (Nye and
others, this volume); they differ only in their ground-
mass glass compositions. Groundmass glass composi-
tions in the brown-black andesite from the June and
August eruptions are nearly identical. However, in the
samples from the September eruption the dominant
glass is more silicic and the compositions shift rela-
tive to those of samples from the June and August
eruptions (fig. 1). This shift in the dominant melt com-
position from August to September could possibly be
the result of progressive crystallization. Presumably
this crystallization occurred in the magma body through-
out the eruption sequence. Thus, the shift in melt com-
position suggests the presence of a single magma body
undergoing progressive crystallization and tapped for
three eruptions. The presence of a single magma body
is supported by the geochemistry of the andesite (Nye
and others, this volume).

The rhyolitic groundmass glasses from the Au-
gust and September eruptions also show identjcal com-
positional ranges (fig. 1). This observation suggests
that the same process generated andesite with rhy-
olitic groundmass glass in August and September.

Differences in the groundmass glass composi-
tions also resuit in differences in the range of plagio-
clase and orthopyroxene compositions. The brown-black
andesite with both andesitic and dacitic glasses has
plagioclase rim compositions from Anggs to Ansg,
whereas in the greenish-gray andesite with rhyolitic
glass rim compositions are very sodic and extend to
An,,. The orthopyroxene in samples with andesitic apd
dacitic glass has rim compositions of Bng _,4 and in
the rhyolitic glass samples, Engg_73.

There are three possible mechanisms to explain
the origin of the various glasses and the resulting sym-
pathetic plagioclase and orthopyroxene compositional
differences. These mechanisms are fractional crystal-
lization, assimilation, and magma mixing. Incorpora-
tion of more felsic material either through melting of
continental crust (assimilation) or magma mixing could
cause changes in the melt and crystallizing phases.
However, the similarity of andesite geochemistry ar-
gues for a closed system (Nye and others, this vol-
ume) during the eruption sequence. Therefore, the more
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likely explanation is fractional crystallization. Ground-
mass glass major-element variation diagrams (fig. 5)
show predominantly linear trends between the andes-
itic and rhyolitic glasses, with the exception of Na,O
and MgO. Na,O vector modeling of plagioclase crys-
tallization indicates it would be possible to drive giass
compositions from the dacitic glass to chyolitic glass
through crystallization of plagioclase with composi-
tions of approximately Anys 4s.
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Hornblende phenocrysts, although identical in
composition, are stable in the andesitic glasses and
to a degree in the dacitic glasses, but they are clearly
unstable in the rhyolitic glasses. There are three pos-
sible explanations for this: differences in water con-
tent of the different glasses (melts); the peraluminous
nature of the rhyolitic melts; and reaction kinetics
{Rutherford and Hill,1993). It is unclear which of these
three mechanisms is the most likely explanation.
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Figure 5. Average groundmass glass compositions (in weight percent) of
major oxides plotted against weight percent SiO,. Glass from andesite sam-
ples collected following three eruptions of Mount Spurr, Alaska, in [992.
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SUMMARY

The 1992 eruptions of Mount Spurr provided sev-
eral types of products for examination, including two
types of andesite. Derivation of the greenish-gray andes-
ite with rhyolitic glass appears to have been accom-
plished through fractional crystallization of brown
andesite with andesitic glass. Fractional crystalliza-
tion is supported by the compositional changes ob-
served jn plagioclase and orthopyroxene. Examination
of the andesite groundmass glasses suggests that a
single magma body undergoing progressive crystalli-
zation was present. It seems likely that progressive
crystallization took place as microphenocrysts and
microlites. Work will be done on groundmass crys-
tallinity to determine any differences.

The fole of the metamorphic xenoliths in the Cra-
ter Peak magmatic system is not understood. The sys-
tem was apparenily closed during the eruption sequence
so any affect on the magma must have occurred prior
to the June eruption. Nye and Turner (1990) suggested
that crustal sweats have influenced the Mount Spurr
magmatic system. The presence of the xenoliths sug-
gests that they are the origin of these crustal sweats,
Future work will involve characterizing the xenoliths
to determine their rote.
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ABSTRACT

Seismicity associated with the 1992 eruptions of
the Crater Peak vent of Mount Spurr was monitored
by a network of 6 to 10 seismometers within 15 km
of the mountain’s summit. Precursory seismicity be-
gan in August of 1991. It was marked by a conspicu-
ous swarm of shallow volcano-tectonic (VT) earth-
quakes beneath Crater Peak, the first such swarm in
a decade of monitoring, and by the gradua) onset of
seismicity between depths of 5 and 40 km, in a vol-
ume of rock that had been essentially aseismic for
nearly a decade. The volcano erupted three times during
1992: on June 27, August 18, and September 16-17.
The June eruption was preceded by about 14 hours
of continuous tremor and a vigosous 4-hour swarm of
shaltow VT earthquakes. Following the June eruption,
shallow seismicity decreased to normal background
tevels, and the August eruption occurred without any
detectable precursory seismicity. A few hours of shallow
seismicity preceded the September eruption, after which
seismicity in the depth range of 5 to 40 km peaked.
From an initial analysis of the seismic data, we sug-
gest the 1992 eruption sequence resulted from the in-

trusion of magma into the mid-crust that began in mid-
1991. The magma had migrated to shallower depths
by early June of 1992, when the distribution of hy-
pocenters changed and volcanic tremor began. The
character of seismograms suggests the deep seismic-
ity included a variety of source processes ranging from
brittle failure of the country rock in response to in-
jection and withdrawal of magma to the vibration of
fluid-filled cracks associated with magma transport.

Close monitoring of Mount Spurr seismicity al-
lowed the Alaska Voicano Observatory to issue pub-
lic statements describing the increased activity begin-
ning in August of 1991. Forecasts were issued prior
to the June 27 and September 1617 eruptions, and
notifications were issued shortly after all three events.
Two additional forecasts were issued on the basis of
observed increases in seismicity that did not culmi-
nate in eruptions.

INTRODUCTION

During the summer of 1992, Crater Peak erupted
three times—on June 27, August 18, and September
16-17. Each of the eruptions lasted 3.5 to 4 hours
and produced large tephra plumes, which drifted down-
wind across large parts of Alaska (Neal and others,
this volume).

Rudimentary seismic monitoring of Mount Spurr
voicano began in 1971, and since 1989 the Alaska
Volcano Observatory (AVO) has operated a 6- to 10-
station seismic array (herein referred to as the Spurr
network) centered on the volcano. The reawakening
of Crater Peak was preceded by roughly 10 months
of elevated earthquake activity that spanned the caldera
and extended to depths of 40 km. The seismicity as-
sociated with the eruptions constitutes a complex se-
quence of events including sballow volcano-tectonic
(VT) earthquakes, long-period (LP) events, volcanjc
tremor, and periods of seismic quiescence (see “In-
strumentation and Data Analysis” section for defini-
tions).

(49
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In this paper we describe the seismicity at Mount
Spurr preceding and accompanying the 1992 eruption
sequence. First we review the seismic instrumenta-
tion, data acquisition, and data apalysis. We then briefly
summarize the seismic data from the Mount Spurr area
beginning in 1981 as well as develop a more detaited
seismic chronology for the period between August of
1991 and December of 1992, This chronology is based
primarily on earthquake hypocenter plots and helicorder
records, and to a Jesser degree on Real-time Seismic
Amplitude Measurements (RSAM) (Endo and Murray,
1991) and Seismic Spectral Amplitude Measurements
(SSAM) (Stephens and others, 1994). We offer an initial
volcanotogical jnterpretation of the patterns of seis-
micity, and we conclude with a review of the role
that sejsmic observations ptayed in forecasting the 1992
eruptions.
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INSTRUMENTATION AND DATA
ANALYSIS

Seismic monitoring on Mount Spurr volcano has
a relatively long history. Station SPU was installed
roughly 14 km from the summit of Mount Spurr in
August of 1971 (fig. 1). The addition of stations CRP
and CGL in the fall of 1981 allowed small earthquakes
near Mount Spurr to be located. Station CGL was not
maintained between late 1985 and early 1989, so only
two stations were operatling near the volcano. Following
the establishment of AVO, three new stations, CKL,
BGL, and NCG, were added to the seismic network
in late 1989, and stations CKN and CPK were in-
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Figure 1. Seismic stations near Mount Spurr volcano, Alaska. Dotted lines
represent 3,000- and 9,000- foot contours, dashed line represents approxi-
mate tocation of caldera rim. Box and line A-A' denote spatial extent of
hypocenters shown in figure 4, and the location of projected plane for cross

sections in figure 3.
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stalled in the fall of 1991. Station CPK was destroyed
during the June 27, 1992, eruption. A new instrument
was installed at the same location on September 10,
and it was subsequently destroyed during the September
16-17 eruption. Station CPK was replaced by station
CP2 on October 23. Stations CKT and CPA were added
to the network on September 20 and October 29, re-
spectively, which brought the total number of stations
in the seismic network to ten. All stations were short-
period single-component vertical seismometers except
CPA and the original CPK, each of which had hori-
zontal components. The original CPK also had a jow-
gain vertical component.

Between 1981 and 1989, data from the Spurr seis-
mic network was recorded on 16-mm photographic film.
Starting in July of 1988 these data were digitally re-
corded on a computer system at the AVO office in
Fairbanks (AVO staff, 1990). In October of 1989, we
also began recording the Spurr network on a personal
computer using the program MDETECT, which digi-
tizes and records 16 channels of event-detected data
(Lee and others, 1989). This acquisition system pro-
vided the primary data set used in this study. Not all
the stations from the Spurr network were recorded on
the personal computer system during 1990 (fig. 2) be-
cause stations monitoring the ongoing eruptions of
Redoubt Volcano were given higher priority for avail-
able channels on the system (Power and others, 1994).
Beginning January 1, 1891, a complete suite of Spurr
stations was established on this system and the ftrig-
gering parameters were held constant through Febru-
ary 1993. Stations in the Spurr network were also moni-
tored by an RSAM (Endo and Murray, 1991) and an
SSAM (Stephens and others, 1994) system. March and
Power (1990) described the various computer systems
and their networking.

Event-detected wavefarms were transfecred fo a
microcomputer and phase arrivals were determined
using the program XPICK (Robinson, 1992). Hypo-
centers and local magnitudes were determined using
the program HYPOELLIPSE (Lahr, 1989) with a flat-
layered velocity model and station corrections to ac-
count for local variations in seismic-wave velocities.
The model we used was developed specifically for the
Mount Spurr area by Jolly and others (1994). In this
model, earthquake depths are permitted to occur as
much as 3.2 km above sea level: the elevation of the
summit of Mount Spurr. Consequently, depths are ref-
erenced to sea level, negative depths refer to height
above sea level.

In describing the various waveforms and event
types at Mount Spurr volcano, we use terminology
and event classifications similar to that developed by
Chouet and others (1994), Lahr and others, (1994),
and Power and others, (1994) during the 1989-90 erup-
tions of Redoubt Volcano. This classification system

is based on our present understanding of the physical
processes associated with various seismic sources. Vol-
cano-tectonic earthquakes refer to sources represent-
ing purely elastic processes. Long-period events are
thought to represent a more complex process in which
fluids (gas and liquid phases) play an active role in
the generation of seismic waves (Chouet, 1992). Vol-
cano-tectonic and LP events represent end members
of a spectrum; events combining these two character-
istics are referred to as hybrid events, We do not iden-
tify hybrid events in this paper because identification
of their spectral characteristics requires additional
analysis, which has not yet been attempted (see Lahr
and others, 1994). The seismic events associated with
the forcible ejection of gas and ash from the volcano
are referred to here as explosive eruptions.

SEISMIC CHRONOLOGY
OCTOBER 1981 THROUGH JULY 1991

Mount Spurr and the surrounding area has been
seismically active since local monitoring began in 1981.
During periods between October 1981 and August 1991
when three or more stations were operating in the Spurr
network, an average of 8.5 earthquakes per month
greater than magnitude (M) 0.0 were located within
20 km of the volcano {fig. 2). Most of this activity
concenirates beneath the summit at depths shallower
than 3 km. Very few shocks were tocated deeper than
5 km (fig. 3A). The largest tocated event in the Spurr
area is a magnitude 3.3, which occurred on Novem-
ber 16, 1989, at a depth of ]16.5 km about 12 km
northwest of the summijt. Most located events range
between magnitudes -0.5 and L.5.

A second concentration of epicenters lies on the
north rim of the Mount Spurr caldera. Activity in this
area occurred in two clusters; one is about 2 km north
of the main summit cluster, and the other is roughly
3 km northeast of the main summit cluster (fig. 3A).
The one northeast of the summit is the site of two
small swarms of shallow earthquakes that occurred in
early 1982 and in early 1989 (fig. 44). Hypocenters
could not be calculated for the 1989 swarm, because
only two stations were operating at the time. On the
basis of similarities in waveforms between the two
swarms, however, we surmise that the 1989 swarm
occurred in the same location as the 1981 swarm. A
more detailed description and analysis of the seismicity
during this period is given by Jolly and others (1994),

AUGUST 1991 THROUGH JUNE 27, 1992

The first sign of reawakening at Mount Spurr
volcano was a small swarm of VT earthquakes be-



140 _

120

100

80

x
g
14
|
a
0
—_
z
ul
e
i
T
o
v
|
a
=
>
=

NUMBER OF EVENTS PER MONTH

40 J FMAMUI J A S ONDUJI FMAMJI J A S8 G ND

1991 1982

20

S

0
1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1891 1992

Figure 2. Histogram of monthly nimber of earthquakes greater than M| 0.0 Jocated within 20 km of the summit of Mount Spurr volcane between 1981 and
1992. Shaded pattern in 1981 and between late 1985 and early 1989 reflects periods when fewer than three stations were operating in the Spurr network.
Shaded pattern in 1990 denotes a period when not all stations in the Spurr network were recorded on the compnterized data-acquisition system (see text for
details). Inset shows weekly number of events located regardless of magnitude during 199t and 1992, Arrows denote approximate times of eruptions. Note
peaks in activity in February, March, and May, as well as relative guiescence following the June 27 eruption. Strong peaks in Juse and November corre-
spond to the swarm immediately preceding the june 27 eruption and the November 9-10 swarm.

[AY

VASYTY HAUNLS LNNOW LNIA MvEd YHLYYED 40 SNOILINYF T661 HHL



. SEISMICITY AND FORECASTING

153

DEPTH (KM)
N
S

Ao A A 2 a2 2. 2 A o o 1

™

T T Y

] [ ol ®
] [ 1 eg
] L] 2
307 ., i g
o Fl o [
: r ] O 0 r
] ' o :
1 ] ] B |
40 e P P J e ——————— !
10 10
B DISTANCE (KM) DISTANCE (KM) DISTANCE (KM)
DEPTHS MAGNITUDES
X-32+ <50+ [>10.0+ J20.0+ <300+ 0.9.0+ 01.0+ 020+

Figure 3. Epicenter maps and cross sections (A to A’, figure 1) for three successive periods: A, background, October 1981
through July 1991; B, precursory. August 1991 through June 1992; and C. eruptive, July through December 31, 1992,




154 THE 1992 ERUPTIONS OF CRATER PEAK VENT, MOUNT SPURR, ALASKA

neath Crater Peak in August of 199] (fig. 4B). Most
of these shocks were less than ML 1.0 and ranged in
depth from ] to 4 km. This swarm marked the first
sustained seismic activity observed beneath Crater Peak
since earthquake hypocenters could be reliably deter-
mined in 1981 (fig. 4A).

The August activity beneath Crater Peak was fol-
lowed by two months of quiescence, and then by con-
tinuous elevated activity punctuated by more intense
periods of seismicity in February and May (fig. 48).

The Angust 1991 Crater Peak swarm initiated
an increase in shallow seismic activity, which spanned
the Mount Spurr caldera. Except for the Crater Peak
area, this increase was mostly confined to areas that
had been historically active—the summit and the north
caldera rim. The number of VT earthquakes beneath
the summit of Mount Spurr began to increase in Oc-
tober of 1991 (fig. 4B). Activity beneath the summit
then increased nearly continuously until early Fume
of 1992. Hypocenters were generally concentrated be-
tween -1.0 and 5.0 km in depth, although several shocks
were recorded as deep as J5 km (fig. 3A). The larg-
est event during this period was a M, 1.7 on Febru-
ary 18, 1992, at a depth of 0.3 km.

Activity beneath the north caldera rim was more
discontinuous (fig. 4B). The first perceptible increase
was a small group of earthquakes between O and 2
km depth in mid-December. More vigorous swarms
occurred in March, April, and May of 1992. These
events were concentrated near the two clusters of events
from the previous decade (compare figs. 3A and 38).
The distribution of depths in the north cluster is more
diffuse, generally ranging from -2.0 (0 6.0 km. The
largest event during this period beneath the north rim
is a M 1.6, which occurred on May 3, 1992, at a
depth of 0.3 km.

On June 5, 1992, the number of located earth-
quakes at Mount Spurr volcano reached 28, the high-
est number recorded in any 24-hour period. These
shocks ranged in depth between -1.0 and 1.0 km and
were clustered beneath Crater Peak. Coincident with
this swarm, short bursts of volcanic tremor were re-
corded on the stations closest to Crater Peak for the
first time (McNutt and others, this volume). Follow-
ing the June 5 swarm, the number of locatable events
declined throughout the entire caldera, most notably
beneath the summit and Crater Peak (figs. 2 and 4B).

The other noticeable change in seismicity, which
occurred between August of 1991 and June 27, was
the onset of activity in the depth range of 10 to 40
km beneath and southeast of Crater Peak (figs. 3B,
4B). The first of these events was located in August
of 1991, and more than 40 occurred before the June
1992 eruption. These events occurred in a volume that
had been practically aseismic during the previous de-
cade (compare fig. 3A and 3B). Waveforms from events

at depth display a broader range of spectral charac-
teristics that range from high-freguency earthquakes,
which appear to be volcano-tectonic to low-frequency
events, which have a strong long-period character. At-
tenuation of the seismic waves from these deep events
makes their classification difficult. Those events that
we feel are volcano-tectonic generally bave well-de-
fined phases and a dominant frequency between 3 and
4 Hz, whereas low-frequency events lack well-defined
phases, have peak frequencies of about 2 Hz, and have
extended coda. The variability in observed waveforms
for two events from roughly 33 kimn depth is shown in
figure S. A detailed spectral analysis of all of the events
below 10 km has not yet been completed.

At 12:04 p.m. ADT on June 26 continuous vol-
canic tremor began, which was easily visible on all
stations within 14 km of the volcano (McNutt and
others, this volume). At roughly 3:00 a.m. ADT on
June 27, just 4 hours before eruptive activity began,
a vigorous swarm of shallow VT earthquakes began.
These shocks were located between -1.0 and 1.0 km
in depth and ranged in magnitude between -0.6 and
f.2. The magnitudes of events increased through the
duration of the swarm. To date, only three LP events
have been identified in this swarm. The eruption on
June 27 lasted 4 hours and 3 minutes (McNutt and
others, this volume). The June 27 eruption was fol-
lowed by a short-lived shallow swarm of LP events,
which lasted for about 24 hours.

JUNE 27 THROUGH SEPTEMBER 17, 1992

Following the June 27 eruption, the volcano en-
tered a period of relative quiescence in which the shal-
low seismicity was comparable to or lower than the
pre-August 1991 level (fig. 4B). In contrast, the deeper
seismicity continued at a low, steady rate comparable
to its August 1991 through June 1992 level. The area
beneath the summit remained nearly aseismic through-
out the remainder of 1992, and only low levels of
activity occurred beneath the north caldera rim (figs.
3C, 4B).

Flgure 4. Time-distance (A. B) and time-depth (C) plots
for hypocenters within the box shown in figure |. A and B
are time distance plots along the line A-A’ for periods 1981
through 1992 and 1991 through 1992, respectively. Shaded
arrow in A shows approximate location of 1989 swarm. C,
data from 1991-92. Solid arrows denote the three ertptions
on June 27, August 18, and September 16-17. >
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Figure 5. Comparative waveforms recorded al seismic station CGL on Mount
Spurr volcano, Alaska. from two events located at a depth of approximately
33 km. These waveforms illustrate the diversity of signals observed in events
at depths greater than |10 km. Note the monochromatic character and long
duration of the low frequency event (upper trace). Such fealures are typical of

long-period (LP) events.

The August 18 eruption occurred with no obvious
seismic precursor at CRP, the closest station to the
crater that was operating at the time. Eruptive activity on
August 18 began with a small ash-laden plume at 3:37
p.m. ADT, which was accompanied by 16 minutes of
weak tremor and several LP events. The main erup-
tion began at 4:42 p.m. ADT and lasted about 3 hours
and 28 minutes (McNutt and others, this volume).

Following the August 18 eruption, seismicity be-
low depths of 2 km began to slowly increase, while
that at shallower depths remained low (fig. 4C). Ac-
tivity in the depth range of 2 to 10 km and below 20
km appears to have stabilized at a new, higher back-
ground level at about the time of the September erup-
tion (fig. 4C). On September 16, shallow tremor, which
was interspersed with small discrete events, began about
7:30 p.m. ADT. A small eruption, which lasted about
[1 minutes, began at 10:36 p.m. ADT. Seismic activ-
ity remained elevated, and at 12:04 a.m. ADT on Sep-
tember 17 the main eruption began. The intense seis-
micity associated with this eruption lasted 3 hours and
36 minutes (McNutt and others, this volume). The
waning phase of the eruption included a series of VT
carthquakes between 2 and 11 km depth, the largest
of which was a M 1.9,

SEPTEMBER 17 THROUGH DECEMBER 31, 1992

The seismicity that followed the September 16~17
eruption differed markedly from seismicity that fol-
lowed the two earlier eruptions. Strong volcanic tremor
occurred for roughly 9 days on stations close to the
volcano. The rate of VT earthquakes between depths
of 0 and 5 km increased and remained elevated over
the next 6 weeks (figs. 48, 4C). The occurrence rate
of shocks deeper than 10 km also increased follow-
ing the September eruption.

Shailow volcanic tremor returned several times
between October 2 and 7. Early on November 9 the
rate of shallow VT earthquakes began to increase on

the stations closest to the volcano. By 9:00 p.m. ADT
the events were occurring at a rate of approximately
1.5 per minute. This activity continued for roughly
3.5 hours and comprised more than 170 shocks. The
magnitude of the largest earthquake was 1.7. This was
the most energetic swarm recorded at Mount Spurr
associated with the 1992 eruption sequence.

Following the swarm on November 9 and 10,
activity remained elevated at all depths. In early De-
cember the rate of events between depths of 20 and
40 km began to decline slowly. A swarm of small (M,
< 1.5) VT earthquakes occurred between December
21 and 26. These events originated between depths
of 5 and 12 km, and most of the events were clus-
tered between 8 and 10 km. Activity slowly declined
through early 1993 and by late April the number of
locatable earthquakes in the Mount Spurr area ap-
proached a level comparable to that observed prior to
August of 1991.

DISCUSSION
VOLCANOLOGICAL INTERPRETATION

From our observations of the spatial and tem-
pora) patterns of hypocenters, waveforms of the vari-
ous seismic events, and amplitude and spectral mea-
surements, we offer some interpretations. This discus-
sion should be viewed as preliminary, as it is based
on primary observations rather than a detailed analy-
sis of all available seismic data.

Between October 1981 and July 1991, Mount
Spurr seismicity was characterized by steady-state ac-
tivity beneath the summit, punctuated by two swarms
under the north caldera rim. There is a marked ab-
sence of seismicity at depths greater than § km dur-
ing this period. Jolly and others (1994) model this
aseismic zone as a volume of hot buoyant rock, heated
by earlier episodes of intrusion, which deformed plas-
tically rather than elastically.
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The first unusual activity identified prior to the
1992 eruptions was a shallow short-lived swarm of
VT earthquakes beneath Crater Peak in August of 1991
(fig. 4B). This swarm was followed within several
months by an increase in shallow activity throughout
the caldera. A more subtle increase was also observed
at depths greater than 10 km. Its onset may have pre-
ceded slightly the August 1991 Crater Peak swarm,
but there are too few deep events to draw a definilive
conclusion. We proposc that most of the seismicity
in the 10-month period prior to the June 27 eruption
resulted from an intrusion of magma between depths
of 5 and [5 km. Thus we suggest a deep origin for
the initiation of Lthe eruption sequence. The caldera-
wide seismicity likely resulted from a mechanical re-
sponse to deformation and stresses associated with this
intrusion. We suggest that the intrusion produced strain
rates that were sufficient to drive rock in the aseismic
volume identified by Jolly and others (1994) from plas-
tic to brittle behavior.

That seismicity bencath the summit declined fot-
lowing the June S swarm lends support to the me-
chanical model for the precursory seismicity. The June
S swarm is coincident with the onset of volcanic tremor
at Crajer Peak. We sugges! that magma had migrated
to shallower depths by this time and had activated
the shallow hydrothermal system (McNutt and oth-
ers, this voJume). This migration concentrated stress
at Crater Peak, which resulted in the decline in activ-
ity in other areas of the caldera.

Following the June eruption, seismicity entered
a 7-week period of near-quiescence comparable to or
less than the level of activity observed prior to Au-
gust of 1991. This quiescence suggests that stress and
related deformation, as well as fluid pressures within
the shallow hydrothermal system, were greatiy reduced
following the eruption. Activity below a depth of 10
km did not lapse into quiescence, although the over-
all rate of deeper events remained relatively low and
did not increase untjl after the August 18 eruption.

That no increase in shallow seismicity preceded
the August {8 eruption and that the September 16-17
eruption was preceded by only several hours of shal-
low activity visible on CPK suggest that the vent and
shallow conduit system were left relatively unobstructed
following the fune eruption,

Deeper seismicity (>10 km) increased markedly
following the August 18 eruption and peaked shortly
after the September eruption. The waveforms of these
even(s cover a broad spectrum ranging from VT events
to rather monochromatic, low-frequency signals sug-
gestive of LP events (fig. 5). These events might re-
flect the recharge and migration of magma at these
depths. Alternatively, these events might result from
readjusiments of stress in response to the removal of
magma from these depths. Both these explanations are

quite plausibie in view of the variety of observed wave-
forms. However, additional analyses are reguijred to
demonstrate that the low-frequency waveforms are re-
lated to the characteristic of the source process rather
than the result of attenuation of higher frequency
energy along the wave path.

The strong swarm of events on November 9 and
{0 is likely related to a shallow intrusion of magma.
Preliminary analysis of these events suggests they oc-
curred at three focations a few hundred meters apart
between 0.0 and -1.0 km depth (Chris Stephens, written
commun.). The cluster of events in late December is
perhaps related to an additional deeper intrusion at 8
to 10 km depth.

ERUPTION FORECASTING

In this section we review the role that seismo-
togical observations played in formulating eruption
forecasts and the faclors that influenced our interpre-
tations at the time. The forecasting strategy used by
AVO relied on the synthesis of data from a number
of monitoring techniques, which include a variety of
seismic methods (hypocenters, seismicity rate, RSAM,
SSAM, and waveform characteristics), visual obser-
vations, measurements of gas emissions, and geochemi-
cal and petrologic analyses. In reviewing AVO’s pub-
lic statements concerning volcanic activity at Mount
Spurr volcano, we use the terms forecast and erup-
tion notification. A forecast describes statements is-
sued prior 1o expecled eruptive activity. Forecasts were
relatively imprecise statements concerning the timing
and nature of expected eruptive activity. Our use of
the term forecast differs somcwhat from that of Swan-
son and others (1985) because at Mount Spurr fore-
casts were formulated on the basis of observed changes
in seismic measurements and observations of the vol-
cano. We avoid the term prediction because statements
issued for Mount Spurr contained little precise infor-
mation on the timing of expected eruptive activity.
Eruption notifications were purely factual statements
that contained information about the onset time and
size of eruptions. Eruption notifications described here
belong in the category of factual statements in the
terminology of Swanson and others (1985). The pri-
mary vehicle by which AVO disseminated forecasts
and eruption notifications to other government agen-
cies, industry, and the public was based on a color
code system sinilar to that developed during the 1989—
90 eruptions at Redoubt Volcano (Brantley, 1990). The
color code definitions used at Redoubt were modi-
fied slightly on the afternoon of June 26 to more ap-
propriately describe the situation and conditions at
Mount Spurr.

Both the June 27 and September {6-17 erup-
tions were successfully forecast. Whereas no forecast
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was issued for the August 18 eruption, seismic con-
firmation allowed AVO to issue an eruption notifica-
tion within minutes of the onset of both the premoni-
tory and the main erupiion. Forecasts were also is-
sued during a period of heightened tremor on Octo-
ber 2 and during the November 9-10 earthquake swarm,
but no subsequent eruption occurred.

The 10-month period of precursory VT earth-
quakes makes the June 27 eruption one of the more
anticipated eruptions on record. The unusual charac-
ter of the August 1991 swarm was recognized as the
events were occurring. This was possible because of
the long-term operation of the seismic network and
the availability of the associated earthquake catalog.
Between August of 1991 and June of 1992, the in-
creasing caldera-wide seismicity was discussed in
weekly AVO public information releases. On June 8
in response to the escalating seismicity, AVO issued
a special public advisory, which stated that the present
seismic unrest could be an early forerunner of an erup-
tion. In response to the onset of continuous tremor
on June 26, AVO issued a forecast that cited poten-
tial hazards associated with an eruption of Crater Peak.
The basis for this forecast was the onset of strong
continuous volcanic tremor (McNutt and others, this
volume) as well as observed changes in the hydro-
thermal regime at Crater Peak (Eichelberger and oth-
ers, this volume). While this warning did discuss the
increased probability of an eruption, it did not state
that an eruption was likely within the next few days.
Our hesitation regarding the imminence of an erup-
tion on the evening of June 26 largely stemmed {rom
two factors: two strong episodes of volcanic tremor
had occurred earlier on June 24 and 25 (McNutt and
others, this volume), and the absence of swarms of
LP events. We were perhaps overly focused on the
occurrence of swarms of LP events, because of our
recent experiences at Redoubt Volcano (Chouet and
others, 1994, Stephens and others, 1994) and Mount
Pinatubo (Harlow and others, 1991), at which strong
LP swarms preceded many of the eruptions. Once the
swarm of VT earthquakes began at about 3:00 a.m.
ADT on June 27, we had little doubt that an eruption
was close at hand. In hindsight, the strength of the
tremor on June 26 differed enough from earlier epi-
sodes to justify a stronger forecast.

In contrast to late June, no unusual shallow pre-
cursory activity was observed prior to the August 18
eruption, aithough station CPK had not yet been re-
paired. The eruption ended the 7-week period of shal-
low seismic quiescence, which followed the June event.
The eruption was not expected as the level of seis-
micity had declined sharply after the June eruption
and remained low. Additionally, the 1953 eruption at
Crater Peak consisted of a single event (Juhle and
Coulter, 1955). The caldera-wide volume activated

seismically prior to the June eruption raised the question
of the volume of magma involved and the possibility
of additional eruptive events. However, in view of the
long duration of seismic quiescence following the June
eruption, the timing of the August eruption was a sur-
prise. Seismic monitoring did allow confirmation of
a small premonitory eruption at 3:35 p.m. ADT, which
was reported by a pilot. The occurrence of this small
event prompted AVO to issue a public advisory of in-
creased activity. When the main phase of the erup-
tion began at 4:42 p.m. ADT, AVO issued an eruption
notification within 2 minutes of its onset.

The September 16-17 eruption was preceded by
3 hours of identifiable shallow precursory activity
(McNutt and others, this volume). The overall level
of seismicity below a depth of 3 km had been in-
creasing steadily since the August 18 eruption. Fol-
fowing the August 18 eruption, we were particularly
mindful that future eruptive events might occur with
{ittle or no precursory activity. Close monitoring of
the seismicity allowed identification of the precursory
tremor shortly after it began and the recognition of
the smatl premonitory eruption at 10:36 p.m. ADT. A
forecast was issued at 10:45 p.m. ADT, more than an
hour before the main phase of the eruption began at
12:04 a.m. ADT on September 17, and an eruption
notification was issued shortly after its onset.

The two unsuccessful forecasts issued during the
1992 eruption sequence were based on an increase in
tremor amplitude on October 2, and on an increase in
the rate of earthquake occurrence during the Novem-
ber 9—-10 swarm. The wremor on October 2 was simi-
lar in character to that which immediately preceded
the June 27 eruption. Average tremor amplitudes in-
creased dramatically between October 1 and 5 (McNutt
and others, this volume). The swarm on November
9-10 was the most energetic observed during the erup-
tion sequence and is likely related to the emplace-
ment of a shallow intrusion. At the height of this swarm,
earthquakes were occurring at a rate of roughly 1.5
per minute. While neither of these seismic episodes
culminated in an eruption, the forecasts were justi-
fied on the basis of the continuing increases in seis-
micity that were larger than those observed prior to
the Augost and September eruptions. These events serve
as a reminder that not all strong increases in sejsmic-
ity result in eruptions. At this time, there is no seis-
mological basis for differentiating these sequences of
events from those that resulted in eruptions.

CONCLUSIONS

Seismological observations suggest that precur-
sory seismicity resulted from an intrusion at mid-crustal
depths, perhaps 5 to 15 km. The shallow precursory
seismicity that occurred throughout the Mount Spurr
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caldera was likely a mechanical response to the in-
trusion. We also observed an increase in seismicity
in a previously identified aseismic volume of rock,
between depths of 10 and 40 km depth (Jolly and oth-
ers, 1994). The onset of this seismicity suggests the
intrusion generated sufficient strain rates to induce
brittle failure in a volume that had previously deformed
plasticaily.

The June 27 eruption was preceded by 10 months
of shallow VT earthquakes, several weeks of shallow
volcanic iremor, and immediately by 14 hours of tremor
and a 4-hour swarm of VT earthquakes between depihs
of -1.0 and 1.0 km. In contrast the August 18 erup-
tion had no precursory activity visible on the stations
operating at the time, and the September 16~17 erup-
tion had only about 3.5 hours of shatlow precursory
activity. We conciude that the vert and the upper por-
tions of the conduit were left largely unobstructed fol-
lowing the June eruption.

Seismicity between depths of 10 and 40 km ex-
hibits a variety of waveforms ranging from VT to LP.
The diversity of waveforms suggests a variety of source
processes ranging from stress adjustments in the country
rock caused by withdrawal or intrusion of magma, or
the transport of magma. Planned analysis of individual
deep events should altow us to narTrow our interpretations.
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ABSTRACT

The occurrence of volcanic tremor played an im-
portant role in monjtoring and eruption forecasting at
Mount Spurr by signifying changes in rates of pre-
cursory seismicity and indicating the beginnings and
ends of eruptions. For example, the onset of continu-
ous tremor provided the principal basis for changing
the level of concern color code 15 hours before the
first eruption on June 27, 1992. The onset of strong
tremor marked the beginning of each of the three main
esfuptions, and it was the basis for issuing updates and
notifications The declines in tremor amplitude sig-
naled the ends of the eruptions. Tremor also provided
physical insight concerning eruptive processes based
on spatial and temporal variations in amplitudes and
frequencies versus time. The volcano is monitored by
a network of 10 seismic stations within 22 km of the
vent, in addition to regional seismic stations at greater
distances. Three types of tremor were observed at
Mount Spurr in association with the 1992 eruptions—
tremor bursts lasting | to 10 minutes, continuous tremor
lasting 2 hours to several days, and tremor during erup-
tions. Tremor bursts occurred from June 6 to 26 in
higher numbers at first which then declined. The overall
cumulative energy curve is concave upward, but in-
dividual segments are all concave downward; this phe-

nomenon suggests that sources of energy such as heat
or water formed quickly then gradually lost encrgy.
Teemor energy increased by one order of magnitude
in the 3 days before the first eruption op June 27,
1992. Comparison of spectra from June 26 and Junc
27 showed that spectral peaks were shifted to lower
frequencies by 18 percent; this shift suggests an in-
crease in source length or a decrease in velocity caused
pethaps by formation of bubbles. RMS amplitude ra-
tios computed for near (400 m) and far (5 km) sta-
tions showed an increase by a factor of 2.7 at the
near station from June 11 to June 25, which we model
as a shoaling of the source depth. Eruption tremor
was substantially stronger than anry of the pre-erup-
tion tremor, and was recorded on stations at distances
of as much as 138 km. Calculated reduced displace-
ments ranged from 16 to 30 cm? for the strongest erup-
tion tremor. The duration of the strongest eruption
tremor was crudely proportional to the tephra volume
for the three eruptions. Future efforts will focus on
modeling the source mechanisms in greater detail.

INTRODUCTION

Active volcanoes produce a great variety of seis-
mic signals. In addition to earthquakes and various
low-frequency events, volcanic tremor is often observed.
The typical appearance of tremor is that of an irregu-
lar sinusoid. and a key distinguishing feature s its
long duration compared with earthquakes of the same
amptitude. Continuous signa} durations of days, weeks,
and longer are common. Tremor has been recorded at
129 volcanoes worldwide (McNbit, 1992).

Volcagic tremor has received considerable atten-
tion in the [iterature over the past few years. Research
efforts have been concentrated in four main areas: (1)
sources, including shock-waves, (2) propagation ef-
fects, (3) magma flow and bubble distribution, and
(4) nonlinear models. Theoretical work on tremor by
Chouet (1992) focused chiefly on source effects of
fluid pressurization in resonant cavities excited by a
variety of mechanisms. Chouet numerically treated a
rectangular crack that was excited by pressure pulses
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acting at various Jocations on the surface of the crack.
He coasidered his source model to apply to both long-
period (LP) events and 1o volcanic tremor, by assum-
ing that superposition of LP events produced tremor.
More recently, Chouet and others (1994) have extended
this mode} to the LP swarms accompanying the 1989
90 eruptions of Redoubt Volcano, Alaska. They sug-
gest, in the new model, flow-induced shock waves at
a depth of 1.4 km below the vent as the source of the
pressure pulses. Dawson and others (1992) modeled
a small, low-velocity zone at the same depth, and they
suggested the presence of a small magma body.

Gordeev (1992) studied propagation effects, us-
ing near-surface pressure fluctuations such as explo-
sions as sources, and he modeled waveforms propa-
gating through low-velocity layers overlying a half
space. His conclusion was that the frequencies and
waveforms of tremor are chiefly caused by propaga-
tion effects. Hurst (1992} performed stochastic simu-
lations of tremor using both white noise and Poisson
forcing functions to excite resonance in a simple har-
monic oscitlator. He also allowed the oscillator 10 have
a random damping factor. His simulations produced
synthetic signals that closely resemble observed vol-
canic tremor at Ruapehu in New Zealand.

Moantalto and others (1992) qualitatively mod-
eled the effects of bubbie distribution or tremor and
eruption energy for the 1990 eruptions of Mount Etna
in Sicily. They suggest that low-amplitude tremor is
caused by bubbly flow of magma, whereas high-am-
plitude tremor is caused by stug flow.

Ukawa (1993) made an important observation for
the 1989 Jto-oki submarine eruption. He found that
low-frequency (1 Hz) tremor within 50 km of the source
consisted primarily of surface waves trapped in sedi-
mentary layers. Middle-frequency tremor (2-7 Hz)
observed at the same time at more distant stations
was composed primarily of body waves, thus high-
lighting the importance of propagation effects. Julian
(1994) studied a nonlinear model for tremor genera-
tion, vusing a lumped parameter model of flow through
a channel that is represented by a mass-spring sys-
tem, which includes damping. He argued that self-
oscillations of this system can produce most of the
main features observed in volcanic tremor. In sum-
mary, all this recent work suggests that a variety of
source and propagation effects are present in volca-
nic tremor, and there is 8s yet no consensus about
the tremor source. In fact, there are such a variety of
observations and source models that there are prob-
ably several sources for tremor, not just one.

The occurrence of volcanic tremor played an im-
portant role in eruption monitoring and forecasting at
Mount Spurr by sigrifying changes in rates of pre-
cursory seismicity and indicating the beginnings and

ends of eruptions. For example, the onset of continu-
ous tremor provided the principal basis for changing
the level of concern color code 15 hours before the
first eruption on JFune 27, 1992. The onset of strong
tremor marked the beginnings of each of the three
main eruptions, and it was the basis for issuing up-
dates and notifications. The declines in tremor ampli-
tude signaled the ends of the eruptions. Analyses of
tremor helped provide insight into physical processes
that occurred prior to, during, and after the three erup-
tions of June 27, August 18, and September 16-17,
1992. Three types of volcanic tremor were recorded
at Mount Spurr: (1) tremor bursts of 1 to 10 minutes
duration, with irregular amplitudes, occurring from June
6 to June 26; (2) continuous tremor lasting 2 hours
to several days, with vniform amplitudes, occurring
June 24-27, September 17-25, October 2-20, and No-
vember 9-10; and (3) temor during eruptions on June
27, August 18, and September 16-17. The purpose of
this paper is to show examples of all three types of
tremor and to present resufts from the preliminary
analyses that have been performed as of April 1993.
We also discuss possible models for tremor at Mount
Spurr, compare its tremor to that at other volcanoes,
and discuss the role played by tremor in eruption fore-
casting.

MOUNT SPURR TREMOR DATA

Mount Spurr is monritored by a network of 10
seismic stations within 22 km of the summit (fig. 1).
The active vent, Crater Peak, is located 400 m west
of seismic station CPK. Eight of the stations have a
1-Hz vertical geophone, (CPK and CPA are three-com-
ponent) and data are telemetered in analog form via
radio and microwave to the Alaska Volcano Observa-
tory offices at the Geophysical Institute of the Uni-
versity of Alaska Fairbanks. Power and others (this
volume) describe the instrumentation and various data-
acquisition systems in detail. One data-acquisition sys-
tem used in Fairbanks digitizes the signals at a sam-
pling rate of 120 samples per second using a Masscomp
computer system. In addition to triggered event re-
cording, this system records data continuously from
about 140 stations of the Alaska regional seismic net-
work 24 hours per day on DAT tapes (Sonnafrank and
others, 199]). This computer provided the primary data
set analyzed in this paper. Seismic data are also re-
corded on a Real-time Seismic Amplitude Measure-
ment (RSAM) system (Endo and Murray, 1591), a Seis-
mic Speciral Amplitude Measurement (SSAM) system
(Stephens and others, 1994), and on a PC/AT com-
puter, which runs continuously in event-detected mode
{Lee, 1989).
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Figure 1. Seismic stations within 20 km of Mount Spurr volcano, southwestern Alaska. Station
CPK was destroyed 46 minutes after the start of the June 27, 1992, eruption and was reinstailed in
early September. Station CPK was destroyed again on September 17 and was replaced by station
CP2. Station CRP became inoperative about 2 hours after the start of the August 18 eruption, and
was repaired several days later. Dashed line is caldera boundacy. Contours in feet.

Both RSAM and SSAM are rapid-analysis
tools used routinely by the Alaska Voicano Ob-
servatory. RSAM provides plots of 1-minute av-
erages of seismic amplitude or energy, and SSAM
provides plots of spectral amplitade in predeter-
mined narrow frequency bands. Both of these moni-
toring tools are useful for quantitatively determin-
ing the gross features of tremor automatically dur-
ing crises when detailed manual analyses arc not
possible. RSAM and SSAM are especially useful
digital recording technigues when signal ampli-
tudes on helicorder drums begin (o overlap or ex-
ceed the physical dynamic range of analog record-
ing, and so reliable amplitudes canrot be easily
obtained. At Mount Spurr, RSAM and SSAM were
most useful during tremor episodes on June 26—
27, Ociober 1-6, and November 5-10.

Volcanic tremor first appeared at Mount Spurr
on June 6, 1992, following a 5.5-month swarm of vol-
cano-tectonic earthquakes (Power and others, this vol-
ume). The tremor appeared as irregular events 1 to
10 minutes in duration, and had relatively high am-
plitudes at station CPK (400 m from the vent; CPK-
is a co-located low-gain station) and lower amplitudes
at other stations (fig. 2). Dominant frequencies were
between 3 and 6 Hz a( station CPK, and about 2 Hz
at other stations. We called the events tremor bursts
on the basis of their similarity to events recorded at
other volcanoes, such as Mammoth Mountain (Hill and
others, 1990). We use the term “bursts” for tremor
lasting 1 to 10 minutes and the term “episodes” for
tremor fasting hours or loager. The only tremor with
durations between 10 minutes and 1 hour was associ-
ated with eruptions on August 18 and September 16-17.
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Figure 2. Seismograms of volcanic tremor from Mount Spurr volcano, Alaska. A. tremor buest from June
11, 1992, on stations CKN. CPK, and CRP, 300 sec of data shown; B, tremor episode June 24-25, 1992,
same 3 stations, 300 sec of data shown; C. continuous tremor from June 26, 1992, station CRP, 20 sec of
data shown; D, eruption tremor, June 27, 1992, station CRP, 20 sec of data shown,

A total of (74 tremor bursts occurred between
June 6 and June 27 (Appendix 1). A peak rate of 24
tremor bursts occurred on June 11, and one burst each
occusred on June 17, 18, and 21. We measured dura-
tions in seconds for each event on seismograms from
station CPK, and peak-to-peak amplitudes in mm on
seismograms from station CRP because CPK was fre-
quently saturated (see Appendix )). Squaring the am-
plitude zand multiplying by the corresponding dura-
tion of each burst gave a measure of relative energy.
We then summed the durations and energies for each
6-hour period. The resulting plots of cumulative du-
rations and energy rates were approximately constant
from June & to June 13, then declined (became less
steep) until June 21, when they increased slightly (fig.
3). On June 24, a 154-minute long tremor episode
occurred, followed 12 hours later by another similar
episode lasting 142 minutes. Continuous tremor be-
gan at 12:03 p.m. ADT (20:03 UT) on Tune 26 and
lasted 19 hours until the onset of the eruption on June
27 at 07:04 a.m. ADT (15:04 UT). The amplitude fluc-

tuated during this time (fig. 4) and the signal resembied
banded tremor (Kieffer, 1984; McKee and others, 1981).
The three tremor episodes from June 24-27 represented
an order of magnitude increase in energy over all the
tremor bursts recorded until June 24 (fig. 3). Tremor
amplitude approximately doubled on June 27, 1992,
at 07:04 a.m. ADT (15:04 UT), signaling the start of
the eruption. This was recognized within 2 minutes,
and the level of concern color code was formally
changed several minutes later.

Being able to consistently determine eruption start
times, end times, and durations (table 1) precisely was
problematic because of station failures. Start times were
determined as the time when the amplitude on the
station CRP helicorder in Fairbanks first exceceded 3
mm peak-to-peak (1.5 mm peak to-peak for Septem-
ber owing to a gain change). On June 27. this oc-
curred about 12 seconds after the apparent start of
the eruption on station CPK, which was the closest
station, located on the crater rim 400 m from the vent.
The 12-sec delay was partly due 1o propagation time
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Figure 3. Mount Spurr tremor cumulative duration and
energy versus time for June 1992. Data computed for
6-hour intervals. Eruption occurred on June 27 (arrows).
The energy units are mm squared times minutes, and
diffcr from standard units such as ergs by a multipli-
cative constant. Parts labeled A, B, and C are discussed
in text.

and partly due to attenuation at the 5-km distance of
statton CRP. Unfortunately, station CPK was destroyed,
so it could not be used to determine the start times

165

for al} the eruptions, so siation CRP was used instead.
The end times were determined when the peak-to-peak
amplitude on the station BGL helicorder in Fairbanks
dropped below | mm (2 mm for September). This is
a fairly high threshold because of the greater distance
of station BGL (7.7 km}), so the indicated times cor-
respond to the strong phases of activity. Statior BGL
was used for end times because station CRP became
inoperative after a lightning strike during the erup-
tion on August 8. All times and durations are shown
in table |.

This first eruption lasted 4 hr and 3 min (table
1). No tremor was recorded over the next 52 days
until August 18, when a 12-minute burst of weak tremor
including 3 entrained LP events coincided with pilot
reporls of a small ash plume. About 1 hour later, the
main phase of the second eruption began, accompa-
nied by strong tremor (as much as 30 ¢m? reduced
displacement) lasting 3 hr and 28 min. No tremor was
recorded over the next 29 days until September 16,
about 3 hours before the September 16-17 eruption.
Medium-strength tremor (maximum about 5 cm? re-
duced displacement) occurred for 11 min during the
first phase of the eruption at 10:36 p.m. ADT, and
strong tremor (as much as 25 cm? reduced displace-
ment) occurred for 3 hr and 36 min during the main
phase of the eruption which began at 12:03 a.m. ADT
September 17 (table 1). Unlike the aftermath of the
Jure 27 and August 18 eruptions, continuous tremor
occurred for | week following the September 17 erup-
tion.

Tremor reappeared on October 2, and it occurred
almost continuously with variable amplitude untit Oc-
tober 20. The last tremor occurred during a swarm of
earthquakes on November 9-10, 1992, that may have
been associated with an intrusion {Stephens and oth-
ers, unpub. data).

Altogether, during the 1992 activity of Mount
Spurr, more than 460 hours of volcanic tremor were
recorded.

Table 1. Mount Spurr volcano, Alaska, eruption start times, end times, and durations, as deter-
mined from wemor amplitudes, for 1992 eruptions.

{AM times expressed in Alaskan daylight time.]

Date Start time End Ume Duration Tephra volume*
CRP>3mm BGL<Imm he:min xt0? w3

6/27 07:04:4% a.m. 11:07:5¢ a.m. 4:03 44

818 03:41:06 p.m, 03-52:55 p.m.# 0:12 (visible ash plume)

8/18 04:42:25 p.m. 08:10:45 p.m. 328 S2

N6 10:36:18 p.m. 10:47:40 p.m. 013 (2-km ash plume)

917 (2:03:48 a.m. 03:39:52 8.m. 3:36 56

~ R. McGimsey, written commun., 1993
measured at station CRP

*
BGLQ2mm
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Figure 4. Helicorder records from station CRP, 5 km west of Crater Peak vent on Mount Spurr volcano, southwestern Alaska, for June 26 and 27, 1992. Note (A)
continuous tremor starting at 12:03 p.m. ADT (20:03 UT) June 26, and (8) earthquake swarm starting 03:00 a.m. ADT (i1:00 UT) June 27. Eroption tremoer {arrow)
started at 07:04 a.m. ADT (15:04 UT) June 27. Tick marks are at one~minute intervals.
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ANALYSES AND RESULTS

We studied (1) duration and energy versus time
for all the tremor bursts and the first three episodes
of continuous tremor during June 6-27; (2) amplitude
ratios for selected tremor bursts (June 8-22) and one
episode of continuous tremor on June 24-25; (3) am-
plitude variations for October 1-6 continuous tremor;
(4) spectra for a tremor burst, the June 24-25 tremor
episode, a sample of June 26 tremor, and a sample of
June 27 tremor during the first eruption; (5) spectral
variations for October 1-6 continuous tremor; and (6)
a comparison of tremor during eruptions at Mount Spurr
with tremor recorded during eruptions at other volca-
noes.

DURATION AND ENERGY VERSUS TIME

Tremor bursts began on June 6, 1992, and we
tabulated the events and plotted the cumulative dura-
tion and cumulative energy as a function of time (fig.
3 and Appendix). We observed that the overall pat-
tern of the plots was concave upward, but individual
segments were all concave downward. For example,
the cumulative-duration plot was concave downward
from June 6 to June 21 (A in fig. 3) indicating that
the rate of occurrence of the tremor bursts was de-
creasing with time. On June 11, a field party observed
that the crater lake had changed color from light biue
to dark gray, and that adjacent fumaroles had increased
in activity (T. Miller and R. McGimsey, oral commun,,
1992). These observations and shallow earthquake lo-
cations suggested that a change had occurred in the
shallow geothermal system, specifically an increase
in heat caused by magma intruding to shallow levels
in the crust. The concave downward part of figure 3
suggests that the source of heat moved up and stopped,
and it gradually lost energy as a function of time.
Alternatively, the geothermal system could have used
up its supply of water or some other geochemical
change could have occurred, such as partial sealing
of cracks and pores. The low amptitudes of the tremor
bursts (about 1 cm? reduced displacement) were in
the same range as tremor observed elsewhere in as-
sociation with hydrothermat activity, Jending further
evidence to the hypothesis that the tremor bursts prob-
ably represented some type of boiling phenomena.

The two 2-hr long tremor episodes on June 24—
25 occurred during poor weather, so no direct field
observations were made. However, on June 26 a field
party observed that the crater lake was half empty,
and lithic block impact marks were photographed on
the mud of the former lake bottom (C. Nye, oral
commun., 1992). The cumulative duration and cumu-

lative energy plots from June 24 to June 26 (B in fig.
3) are also concave downward, suggesting that a heat
source (magma) moved upward and stopped, losing
its heat or using up the available water. The impact
marks suggest that mild phreatic activity may have
occurred. The last part of the tremor (C in fig. 3) on
Junre 26 and 27 is also concave downward in energy,
but straight in cumulative duration because the same
duration of tremor occurred in each 6-hour time step
once it became continuous. Inspection of the seismo-
grams in figure 4 shows that the continuous tremor
occurred in four bands. In each case the onset was
relative abrupt and strong, and the tremor then gradually
declined in amplitude over several hours. Each of these
four bands follows the same pattern as parts A, B,
and C in figure 3, again suggesting that the magma
moved upward to a shatlower level and stopped, los-
ing heat or using up the available water, Following
the 4-hr VT earthquake swarm on June 27 (fig. 4)
the onset of strong tremor marked the start of the erup-
tion, confirming that magma had indeed moved to shal-
low tevels in the volcano.

AMPLITUDE RATIOS

Except in rare cases when the onset is abrupt
(Aki and Koyanagi, 1981), volcanic tremor cannot be
routinefy located because no clear phases such as P-
wave or S-wave arrival limes are present in the wave-
forms. Therefore, indirect techniques are commonly
used to infer changing tremor source locations. At
Mount Spurr we examined amplitude ratios between
near and far stations to determine whether any sig-
nificant depth changes had occurred. We used data
from stations CPK, 400 m from the vent, and CRP,
4.8 km from the vent (fig. 1). The requirement of on-
scale seismograms for CPK and good signal-to-noise
ratio for CRP restricted our search to only a few
samples, yet sufficient data have been analyzed to pro-
vide reliable results.

We computed rmms (root-mean-square) amplitudes
for CPK and CRP data for six samples (table 2) us-
ing the program SAC (Tapley and Tull, 1991). Am-
plitudes for a tremor burst on June 11 and the 2.5-hr
episode on June 24-25 at stations CPK and CRP are
shown in figure 5. The plots are normalized so that
the ampiitude on station CRP appears the same (feft
side, fig. 5), whereas the CPK amplitude varies. We
observe that the amplitude ratio CPK/CRP for June
11 is 1.5, and the ratio for June 24-25 is 4. The am-
plitude on the close station CPK has increased sig-
nificantly compared with the amplitude at the more
distant station CRP. We interpret this as evidence for
a shoaling of the depth of the source. Recall that the



Table 2. Root mean square amplitudes of Mount Spurr volcanic tremor.

Date Thme (ADT) CKN mns smplitude  CPK rms amplitude  CRP ros amplitnde CPK/CRP ratlo
June 8 08:20 am. 92 63 41 1.5
June (( 07:00 am. 199 204 138 1.5
June V7 12:36 am. 74 63 50 1.3
June 22 08:44 am, 119 14§ 58 2.4
June 24 04:24 p.m. 44 68 17 4.0
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Figure 5. Amplitude ratios for two tremor samples from seismic stations on Mount Spurr volcano, Alaska.
For each sample, data from stations CRP (4 and C) and CPK (B and D) are shown. The plots are normal-
ized to the CRP rms amplitude. The catio CPK/CRP on June It js about 1.5 (compare 4 and B), whereas
on June 24-25 the ratio is about 4 (compare C and D). This suggests that the June 24-25 event occurred
closer to station CPK, or at shallower depth since station CPK is located only 400 m from the vent
whereas station CRP is located 5 km from the vent. Universal Time.
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Figure 6. Schematic diagram of postutated depth distribution that explains amplitude ratios
shown in figure 5. Two true-scale topographic profiles are shown. Straight line ray paths are
drawn to stations CPK and CRP. The rays to station CRP are nearly the same length, wheseas
those to station CPK are scated to the changing emplitude ratio. The straight rays to station
CRP are unrealistic because of the topography, nevertheless, they itlustrate the concept.
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crater lake was half empty, with lithic block impacts
visible, when it was viewed June 26 prior to the on-
set of the continuous tremor (Alaska Volcano Obser-
vatory, 1993. C. Nye, oral commun., 1992), This ob-
servation suggests that mild phreatic activity may have
occurred, probably during the June 24-25 tremor epi-
sodes.

If we assume a point source at the surface for
the June 24-25 tremor, then we can perform a simple
inversion for the depth of the tremor burst on June
11. The geometry is shown in figure 6. The distance
of the ray path to the distant station CRP (4.8 km)
changes very little with a change in source depth,
whereas the distance to the close station CPK (400
m) changes significantly. We use the amplitude ratios
1.5 and 4 given above, and assume }/r geometric
spreading for body waves (energy decays as 1/r2, so
amplitude decays as 1/r). This means the distance must
increase by a factor of 4/].5=2.67. We assume straight-
line ray paths, and use the Pythagorean theorem (o
solve for the depth change. This yields a depth of
920 m for the June 11 tremor burst, If the June 24~
25 source is located at a depth of 100 m rather than
at the surface, then the depth of the tremor burst would
be 934 m. This calculation is a first-order approxi-
mation only (probably reliable to only one signifi-
cant figure), and it ignores effects such as attenua-
tion, reflections, and refractions. If the source was
not deeper but was farther away in some other direc-
tion, the distances would be different than those de-
termined above, Also, if the source is a line source
or some other geometry, the calculation is more com-
plicated, and it bas not yet been attempted.

OCTOBER 1-6 AMPLITUDE VARIATIONS

Volecanic tremor continued for 1 week following
the September 17 eruption and ceased on September
25. After a l-week hiatus, tremor resumed on Octo-
ber 1. The tremor sequence in October showed sig-
nificant temporal variations, including patterns simi-
lar to those that have preceded eruptions at Mount
Spurr and eisewhere.

The RSAM plot (fig. 7) shows tremor starting
on October | and then increasing in amplitude at a
nearly exponential rate on October 2, after which it
stopped rather abruptly. This episode was similar 10
the RSAM plot for the days preceding the January 2,
1990, eruption of Redoubt Volcano (Brantley, 1990).
On October 3 a series of 5 tremor episodes occurred,
each about 1.5 hr long. This signal resembied banded
tremor (Kieffer, 1984), and it was also similar to the
tremor preceding the June 27 eruption of Mount Spurr.
On October 4, tremor returned and the amplitude again

increased nearly exponentially. When this tremor de-
clined in amplitude on October 5, another series of
tremor episodes occurred, each about 2 hr long, simi-
lar to those of October 3, but followed by a gradual
decline.

From October 1 through October 6 a steam plume
was being emitted from Crater Peak to heights of 2,000
to 12,000 ft above the volcano, and approximately
steady amounts of SO, and CO, gas were being emitted
(400 and 2,900 tons/day, respectively). Doukas and
Geriach (this volume) noted a drop in SO, flux shortly
after the onset of several tremor episodes. There was
no clear correlation between plume height and tremor
amplitude, and no eruption occurred.

The RSAM plots were valuable for near-real-time
monitoring to quickly compare the current tremor {evel
10 that of the previous few days and to monitor the
temporal patterns. Although the amplitude varied con-
siderably, the tremor was qguite stationary in its fre-
quency characteristics and in its relative amplitudes
at different stations. We speculate that this tremor was
caused by magma degassing at shallow depths.

The tremor observed in October demonstrated that
patterns of occurrence alone, such as exponential in-
creases in amplitude or periodic banding, are not suf-
ficient basis for forecasting eruptions.

SPECTRA

We computed Fourier spectra for several repre-
sentative poriions of the tremor data to search for sig-
rificant speciral peaks that might help identify source
properties. We selected a typical tremor burst on June
11, and samples of tremor episodes on June 25, June
26, and during the eruption on June 27 (fig. 2). For
each sample, we chose four adjacent windows, each
10 sec long, computed Fast Fourier Transform spec-
tra, then stacked the spectra. This adds stability be-
cause constructive interference enhances the real peaks
whereas destructive interference diminishes the noise.
Results are shown in figure 8. Por all the samples,
significant spectral amplitudes occur between 0.5 and
5 Hz, and the highest amplitude peaks are near 2 Hz.
In detail, however, two of the spectra show some-
thing quite remarkable.

If the June 26 spectrum is horizontally compressed
and superimposed on the June 27 spectrum, as shown
in figure 9, we sec that nearly all of the main spec-
tral peaks coincide. The amount of compression is 18
percent. Mori and others (1989) showed a shifting in
frequency of a single prominent peak at Langila Vol-
cano in Papua New Guinea, and Kamo and others
(1977) showed a series of spectral peaks from Sakur-
ajima Volcano in Japan whose positions changed sys-
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calibration sequences.

tematically with time. In all three cases the shifting
of peaks implies either that the length of a resonator
changed by 18 to 40 percent, or that the acoustic wave
speed changed, as could happen, for example, with
the introduction of bubbles. The presence of even a
small amount of bubbles dramatically lowers acous-
tic speeds of fluids (Kieffer, 1977).

The Mount Spurr data differ from these other
data in several sigaificant respects. First, the Mouat
Spurr eruptive conditions changed from no eruption
to vigorous subplinian eruption. The Langila and
Sakurajima data, on the other hand, were recorded dur-
ing times of relatively constant conditions. Second,
the Langila case was recorded over 2 minutes, whereas
the Spurr data were recorded over 19 hours. Third,
the Langila and Sakurajima seismograms appear to

be very even and regular, whereas the Spurt data are far
more irregular (fig. 2). On closer inspection of figure
9, the Spurr spectra consist of a broadband triangular
shaped part (apex upward) from 0.5 to 4 Hz, with
evenly-spaced sharp individual peaks superimposed.
This bas important implications for the source model.
The broadband part suggests that a series of random
pulses was acting at the source (see Hurst, 1992). These
could be, for example, bubble cavitations, flow per-
turbations, or impacts of blocks on the side of a con-
duit. The evenly-spaced sharp peaks, on the other hand,
suggest resonance modes of an oscillator. The single
set of peaks suggests a one-dimensional osciltlator, with
each of the peaks representing an eigenfrequency of
vibration (for example, Schick and others, 1982; Kamo
and others, 1977; McNutt, 1986).
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Models of this type involve a one-dimensional
oscillator such as the familiar organ pipe, whose per-
missible frequencies of resonance are determined by
the length, velocity, and boundary conditions. A pipe
with two open or two closed ends has resonance modes
nA/2 (where A =wavelength and n=1,2.3,...). A pipe
with one open end and one closed end has resonance
modes nA/4 (where A =wavelength and n=1,3,5,...).
In each case the spectral peaks are evenly spaced, how-
ever, the spacing from the origin to the first peak is
different. The interpeak and origin-to-peak spacing is
the same for nA/2 modes, whereas the origin-to-peak
distance ts A/2 that of the interpeak distance for nA/4
modes. This feature provides a simple way to iden-
tify modes on a spectrum.

The data suggest that both sets of modes are
present in spectra from June 26 and June 27, before
and during the eruption. The peaks on figure 9 have
been numbered for identification, and we observe that
alternate peaks change amplitudes systematicalty from
before 10 during the eruption. Peaks 1, 3, 5, 7, and 9

had the same or only slightly different amplitudes,
whereas peaks 2, 4, 6, 8 and 10 became significantly
larger during the eruption. The pattern is most clear
for peaks 1, 2, 3, and 4. The most straightforward
interpretation for this pattern is that there was a change
in the boundary conditions. We suggest that the spec-
tral peaks represent mixed modes of organ pipe vi-
bration, that is, both open-ended and close-ended modes
are present. If the boundary conditions are changed,
for example by breaking an impermeable cap, chang-
ing the shape, or transmitting lava, then one set of
modes would be enhanced relative to the other. It is
best to think of the boundary conditions in terms of
reflection and transmission, rather than open-ended or
close-ended. However, the open-ended and close-ended
modes give a clear conceptual picture. We observe
that the close-ended modes (that is, one open end and
one closed end) became stronger during the eruption,
which is what would be expected as the vent is reamed
out. Although preliminary, to the best of our knowl-
edge, this is the first observation of this type that has



172 THE 1992 ERUPTIONS OF CRATER PEAK VENT, MOUNT SPURR, ALASKA

been made on volcanic tremor specira. This is also a
clear source effect. The fundamental mode for the even-
numbered peaks (closed-end modes) does not appear
on figure 9 because its frequency is 100 low to be
recorded on the 1-Hz seismometer we used.

While we have presented our preferred prelimi-
nary model, other possibilities exist. The shape of a
resonator could have changed, for example from a one-
dimensiona! pipe-like structure to a two-dimensional
rectangular crack (Chouet, 1992), and the systematic
variation of spectral amplitudes could be caused by
preferentiai excitation of modes in one direction over
the other. It is also possible that no resonator was
involved, and that the observed amplitude variation
1s caused by some other process (Julian, 1994). It is
concejvable that the alternate peak spectral amplitude
variations are due to chance zlone, however, we think
that it is very unlikely that random fluctuations would
be so systematic,

AMPUITURE, IN COUNTE

Figure 9. Spectra from figure 8C and 8D superimposed with
the horizontal axis compressed by 18 percent for the June
26 spectrum, Lefl and bottom scales refer to tremos during
the eruption on June 27. Top aad right scales refer to pre-
eruption tremor on June 26. Peaks numbered for reference.

OCTOBER 1-6 SPECTRAL MEASUREMENTS

In addition to computation of spectra for selected
tremor samples as discussed above, we also studied
spectra using SSAM (Stephens and others, 1994),
SSAM runs continuously in the background, ard plots
can be made at any Llime for stations and times of
interest. SSAM plots show spectral amplitudes in pre-
determined bands that are several tenths of a Hertz
wide. SSAM is thus a good tool to use when the spectra
do not vary with time, but it lacks the resolution to
identify small changes in spectral position.

The SSAM plot (fig. 10) shows data from Octo-
ber 2-6, the same period as figure 7. Here we see
persistent high amplitudes in the 1.9 10 2.5 Hz bands,
the same frequencies that are high amptitude in the
spectra shown in figure 8. We also observe that as
the signal becomes stronger (fig. 7), the spectral con-
tent becomes somewhat more broadband. This may
be partially caused, however, by saturation of the spec-
tral bands for strong signals. In general, the spectral
content is remarkably uniform over the period Octo-
ber 2-6. Based on the resuits of both RSAM and
SSAM, we conclude that volcanic tremor with a single
source occurred during October 1992. Our prelimi-
nary conclusion is that shallow-level degassing of
magma was the source. It is not known whether the
degassing was juvenile, hydrothermal, or a mixture
of the two, although we suggest the latter was the
more likely gas source (Doukas and Gerlach, this vol-
ume).

Tremor occurred again for several hours on No-
vember 9-10 in association with a swarm of shallow
earthquakes. This tremor was observed mainly on the
closest station CP2 (a replacement for CPK, fig. 1)
and consisted of a high signal level recorded between
discrete events of the earthquake swarm. The frequency
content of this tremor was somewhat higher than that
of previous tremor (>5 Hz). No detailed analyses have
yet been carried out on this tremaor,

TREMOR DURING ERUPTIONS

Time histories for the three ervptions using RSAM
data for station BGL, which operated continuously
during all three eruptions, are shown in figure t1. Sta-
tion BGL has a [-sec vertical geophone, and it is lo-
cated 7.7 km west of the Crater Peak vent (fig. 1).
Because the station is fairly close to the vent, its data
arc partially saturated (clipped), especially for higher
amplitudes above 1,200 counts. The total durations
and volumes of each eruption are shown in table 1.
However, the duration of the strongest eruption tremor
was roughty proportional to the tephra volume of each
eruption. For exampie, the duration of tremor greater
than 800 counts on June 27 was | hour, on August
18 about 2.8 hours, and on September 16-17 about
2.5 hours (recall that the end of the September erup-
tion was ‘“contaminated” by an earthquake swarm),
whereas the tephra volumes were 44, 52, and 56 mil-
lion cubic meters, respectively.

The amplitude of Mount Spurr eruption tremor
is compared to that from eruptions, at other volcanoes
in figure 12 (modified from McNutt, 1994). Repre-
sentative valtues from the June 27 and August 18 erup-
tions are shown; the maximum amplitude during the
August eruption was approximately double the June
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Figure 10. SSAM (Seismic Spectral Amplitude Measurement) record for October 2-6, 1992, for station CRP on Mount Spurr volcano, Alaska, plotted with high values in 18-
minute cells. Spectral amplitudes are shown as various shades and patterns, with darker cofors representing higher amplitudes. Frequency bands are 0.2 Hz wide. Note
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maximum. Each datum represents the tremor ampli-
tude normalized to reduced disptacement, which cor-
rects for distance, geometric spreading, and instrument
magnification (Aki and Koyanagi, 1981; Fehler, 1983),
and is plotted versus the Volcanic Explosivity Index
(VEID) of Newhall and Self (1982). Each of the three
main eruptions of Mount Spurr were VEI=3, as de-
termined from tephra volumes (table 1) and ash-col-
umn heights of 9 to 15 km. The Mount Spurr tremor
amplitudes are similar to values obtained elsewhere
for eruptions of similar size, although this does not
imply that the exact eruption mechanisms were iden-
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Figure 11. RSAM (Real-time Seismic Amplitude
Measurement) plot for volcanic tremor ampli-
todes during the three 1992 eruptions of Mount
Spurr in southwestern Alaska. Station BGL is
located 7.7 km west of Crater Peak, the active
vent. Vertical axis is digital counts. Partial satu-
ration of highest amplitudes (above 1200 counts)
occurred during all three eruptions. A, June 27:
B. August 18; C, September 16-17.

tical. The mechanisms of the Mount Spurr eruptions
are discussed by Neal and others (this volume), and
they are characterized as subplinian.

The amplitude of a represeptative tremor burst
from June 11 is also shown in figure 12 for compari-
son. The VEI was set at 0 because of the less than |}
km steam plume and the impact block craters in the
mud flat withie a few tens of meters of the vent. This
value also falls in the range observed at other volca-
noes for eruptions of similar size and characteristics
(Gl Cruz and others, 1987; Leel, 1988; McNutt, 1994),

DISCUSSION AND CONCLUSIONS

We used a variety of methods to study tremor
at Mount Spurr, choosing specific techniques for dif-
ferent tyme periods based on station operation, signal
strength, and overall data sufficiency. In this section,
we synthesize the key results into a preliminary quali-
tative model of tremor generation.

The tremor bursts first appeared on June 6, the
day after the highest daily number of volcano-tectonic
(VT) earthquakes, 28 events on June 5 (Power and
others, this volume), of the 9.5-month swarm up to
that time. During the three weeks over which tremor
bursts were observed, the seismicity remained at about
5 to 10 locatable VT earthquakes per day. This sug-
gests that magma or volatiles had reached shallow levels
in the crust, and instead of building up stresses and
triggering VT earthquakes, the magma or volatiles ia-
teracted with ground water to produce tremor bursts.
Recall that geochemical changes were observed in the
crater Jake shortly after the tremor bursts first appeared.
For 18 days the cumulative duration and cumulative
energy plots were concave downward (fig. 3), which
means that the rates of tremor occurrence and epergy
were declining with time. Amplitudes were small (about
1 cm? reduced displacement) and source depth was
about 1 km. We infer that magmatic heat was inter-
acting with the shallow geothermal system.

A significant change occurred on June 24-25
when a 2.5-hour tremor episode occurred, foliowed
by another similar episode 12 hours later (fig. 3 and
Appendix). The durations and energies of these two
episodes alone exceeded those of all the earlier bursts
together. The source was becoming shallower, as in-
dicated by changing amplitude ratios (figs. 5 and 6)
and the crater lake was partially emptied, with lithic
block impact marks visible. The next significant change
was the onset of continuous tremor 19 hours before
the first eruption. The cumulative duration increased
again by a factor of about 3, the cumulative energy
also increased by a factor of 3 (fig. 3), and the source
remained shallow. Evenly-spaced, narrow spectral peaks
suggest that a one~dimensional resonator (pipe or con-
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duit) was active at this time. We believe the conduit
was filled with a mixture of water, lithic materials,
magma, and magmatic fluids. The concave downward
parts of the energy plot and the similar amplitude pat-
terns on seismograms (figs. 3 and 4) suggest that heat-
ing and upward movement occurred intermittently and
abruptly, rather than smoothly and steadily.

The onset of a shallow (1 to 2 km beneath the
vent) VT earthquake swarm preceded the first erup-
tion by 4 hours (Power and others, this volume); the
onset suggests that stresses were again building up
as magma made its final ascent to the surface. Tremor
was constant and of low amplitude during this swarm,
We speculate this means that all the fluids had been
boiled off by this time. The eruption began quite
abruptly and the tremor looked much the same as
tremor recorded previously except that it was stron-
ger by a factor of two. Spectra computed for tremor
during the eruption showed the same peaks shifted in
frequency by 18 percent. The presence of the same
peaks implies that the same structure was active;
namely, the conduit previously occupied mairly by
water or a water-rich mixture was now occupied mainly
by magma. The shifting of the spectral peaks to lower
frequencies (fig. 9) suggests that either the resonator
(conduit) length increased or the acoustic velocity de-
creased within the conduit. Either hypothesis is rea-
sonable and we cannot yet distinguish between these
possibilities. The systematic change in amplitudes of
alternate spectral peaks (fig. 9) suggests that bound-
ary conditions changed from closed (reflection) to open
(transmission) at one end of the conduit from before
to during the eruption. This observation is consistent
with disruption of an impermeabte cap at the top of
the conduit during the initial stages of the eruption.
Tremor during the eruptions was stronger than aay
previous tremor and was similar in strength (16 to 30
em? reduced displacement) to that recorded at other
volcanoes (fig. 12).

All three eruptions were similar to each other
in their durations, volumes, ash-column heights, chem-
istry, and other parameters (table 1, fig. 1}; Alaska
Volcano Observatory, 1993). Tremor during the erup-
tions was also similar. However, patterns of tremor
occurrence before and after the eruptions varied con-
siderably. In June, most tremor preceded the eruption;
we suggest that this tremor was chiefly hydrothermal
in origin. No tremor followed the June eruption. In
August, only a single short tremor episode occurred
about | hour before the eruption. We suggest that the
hydrothermal system had not yet been fully re-estab-
lished, or had been re-established with different geom-
etry or boundary conditions. In September, weak tremor
occwrred for 3 hours before the eruption, but in con-
trast to June and August, tremor occurred after the
eruption continuously for 1 week. Because the hydro-

REDUCED DISPLACEMENT, IN SQUARE CENTIMETERS

VOLCANIC EXPLOSIVITY INDEX

Figure 12. Volcanic tremor reduced displace-
ment versus the Volcanic BExplosivity Index
(VE() of Newhall and Self (1982). Data repre-
sent 24 eruptions at 15 different volcanoes. The
plotted line is a linear regression fit to the data
excluding Mount Spurr volcano in southwes)-
ernt Alaska and has a correlation coefficient r
of 0.93, Represemative values from the June
27 and August 18 eruptions of Mount Spurr,
and from a tremos burst, shown as triangles.
Modified from McNugt (1994).

thermal system had been seriously perturbed by the
eruption, we suggest that cobntinued degassing of
unerupted shallow magma was the source of this tremor.
Similar conditions and tremor occurred from October
1 1o 20. The last tremor on November 9-10 may be dif-
ferent than most other tremor at Mount Spurr; its fre-
quency content was higher and its amplitude distri-
bution between stations was different. However, thor-
ough analyses of this last tremor are not yet complete.
Several of the observations made during this pre-
liminary work have implications for our monitoring
efforts. For example, spectra are routinely computed
for tremor and there are many published examples in
the literature. Nevertheless, our observation of the sys-
tematic change in the amplitude of alternate peaks ap-
pears to be unique and we are pot aware of any pub-
lished examples. This is clearly a source effect, and
it may be possible to exploit this feature in the fu-
ture to improve eruption forecasting. The shifting of
the spectral peaks has been observed elsewhere, but
the Mount Spurr observations occurred over a longer
time scale and when eruption conditions had clearly
changed. Future analyses will elucidate the timing more
precisely. SSAM was not useful for determining the
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shifting of the spectral peaks and the amplitude varia-
tions of alternate peaks because the frequency bins
were fixed and did not coincide with the spectral peaks.

Several of our most important observations de-
pended on data from individual seismic stations. Sta-
tion CPK, which was located only 400 meters from
the vent, proved to be especially valuable. This sta-
tion enabled us to identify the occurrence of tremor
bursts in early June when they were small enough
that they were not clearly recognized on more distant
stations. This station also enabled us to determine dra-
matic changes in the rms amplitude ratios (fig. 5),
which we believe were most likely caused by a shoaling
of the source, The station CPK was destroyed twice
during eruptions, and its replacement was worth the
cost because of the insight into physical characteris-
tics of tremor we obtained from this key station. We
suggest that every monitored volcano would benefit
from having at least one station within a few hun-
dred meters of the active vent.

Our analyses and monitoring efforts greatly ben-
efited from having a variety of tools at our disposal,
including helicorders, continuous digital data, event-
triggered data, RSAM, and SSAM. Our experience in
forecasting eruptions at Mount Spurr illustrates the
importance of closely monitoring volcanic tremor us-
ing a variety of technigues and methods. Future work
at Mount Spurr will focus not only on more detailed
analyses of the data presented here, but also on im-
provements in the methods for recording and analyz-
ing tremor in general.
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Appendix 1. Tremor bursts measured at seismic stations CPK and CRP between June 6 and June 26, 1992, Mount Spurr voicano, Alaska.

[AIl dates cxpressed in Universal Time; duration expressed in seconds, amplitude expressed in mitlimeters)

Time CPK ducution  CRP amplitude Time CPK duration  CRP amplitude Time CPKdorgtion  CRP amplitude
U (set) (mm) (uDn) (sec) {mm) __n {560} (mo)
June 10, 1992—Continved June 14, 1992
Juoe 6, 1992 0419 100 30
07:19 90 20 ) :
lsm 190 5.5 0828 160 1 0 0624 200 30
16:57 130 4.0 08:41 160 2‘0 09:00 120 20
18:16 80 50 ' ‘ :
10:54 120 6.0 09:39 110 1.0
20:43 90 3.3 §139 10 50 16:32 80 15
22:04 160 23 13:04 170 70 1739 90 35
June 7, 1992 14:00 150 6.0 June 15,1992
01:26 190 1.5 15:25 70 1.5 00:08 260 .5
02:28 130 5.0 15:31 120 50 04:05 %0 5.0
04,58 220 30 15:44 110 30 12:48 160 <10
05:47 80 35 16:55 70 3.0 13:16 120 1.0
q7:26 180 2.5 (709 {50 390 13:50 150 1.5
08:23 200 2.0 17:20 160 2.0 14:04 70 1.0
09:40 170 2.5 19:38 110 LS 19:24 100 6.0
10:58 180 1.5 20:43 t90 5.0 June 16, 1992
11:56 180 1.0 21:52 230 6.0 08-44 250 1.0
13:38 190 4.0 June 11, 1992 17:39 230 3.0
";3‘; 100 Lo 0016 100 40 20:50 90 0.0
o o 30 0031 70 30 June 17, 1992
: ) 00:35 140 25 20:16 110 35
15:48 140 3.0 00:45 180 15
16:06 110 25 0253 120 s Jone 18, 1992
18:24 140 3.5 03:48 100 2'5 14:07 $20 2.0
19:35 140 1.0 : ' .
04:39 100 10.0 04:57 370 5.0
June B, 1992 07:05 70 20 18:35 260 2.0
06-30 120 1.0 0729 150 3.0 19:08 110 40
07:58 110 1.0 14:26 120 20 19:36 180 2.0
6/8/92 14:45 150 2.0 20:02 360 33
09:38 250 55 15:03 230 5.0 June 20, 1992
09:46 80 15 16:07 100 20 10:54 220 <1.0
10:24 240 4.0 b7:15 >90 L5 20:59 550 12.0
11:00 120 .0 17:18 100 4.0 Jome 21, (992
11:36 130 3.5 18:09 120 4.0 2305 130 20
12:02 {60 2.0 18:33 240 2.0 - -
12:35 90 3.0 20:04 9 35 June 22, 1952
(2:52 20 2.0 21:07 220 35 03:25 320 35
14:17 130 2.0 21:34 90 2.5 03:50 80 <l.0
15:04 170 45 21:36 110 3.0 05:49 110 3.0
15:53 160 15 22:08 110 15 07:19 270 2.0
17:13 170 3.0 23:47 110 3.5 08:35 130 20
17:40 170 2.0 June 12, 1992 09:29 210 20
: . 16:45 600 6.0
19:52 180 5.0 03:17 250 6.0 2216 0 5
21:38 >150 5.0 05:59 180 2.0 22:‘1‘7 ?ZO 31'5
June 9, 1992 06:25 220 1.5 ) -
June 23, 1952
00:58 270 50 10:49 240 2.5 -
0202 30 4.0 §5:10 130 10 22:09 210 50
0237 100 10 15:23 180 1.0 22:33 170 3.5
03:22 90 10 20:47 360 4.0 June 24,1992
04:55 190 4.0 21:00 220 40 06:01 260 5.0
1527 >120 25 21:08 80 4.0 15:09 350 6.5
15:49 160 1.5 Jone 13, 1952 23:34 9,240 5.0
16:02 180 2.5 00:15 200 3.0 June 25, 1992
16:33 80 2.0 00:45 210 22, 06:52 350 )
18:07 150 2.0 09:27 190 25 b1:13 310 55
20:29 170 35 09:30 110 20 £1:32 8,520 45
22:15 140 15 09:43 150 1.5 15:58 240 7.5
Jupe 10, 1992 10:09 120 1.0 20:11 130 9.0
N 10:29 70 1.5 23:55 360 1.0
(0);3: {gg ;g 11:2% 150 30 Jume 26, 1992
04:56 250 60 15:03 230 15 04:5¢ 450 10.
05:03 140 20 18:04 120 33 05:36 £50 2.0
06:12 130 8.0 23:10 100 20 11:46 390 35
23:39 120 10 20:03 68.460 -10.0
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ABSTRACT

The Alaska Volcano Observatory’s lightning de-
tection system detected and located 171 lightning
strokes during the August 18, 1992, eruption of the
Crater Peak vent of Mount Spurr volcano in Atlaska.
The strokes, predominantly intracloud, were detected
during a 70-minute interval that began more than an
hour into the eruption. All detected strokes were of
positive polarity. The spatial distribution of the strokes
in the horizontal plane defines a ring-like patters ap-
proximately 10 km in diameter and displaced roughly
S km o the east of Crater Peak. Although lightning
was observed during the September 16-17, 1992, erup-
tion of Crater Peak, no lightning was detected by the
lightning detection system.

INTRODUCTION

Although the occurrence of lightning in volca-
nic eruption clouds is well documented, few attempts
have been made to use lightning detection and loca-
tion to monitor eruptions. Such a monitoring approach
couild potentially allow for the detection of an ash
clougd even when meteorological conditions might pre-
vent observations from satellites and ground-based ra-
dar. In 1990, the Alaska Volcano Observatory {(AVO)
experimented with a lightning detection system (LDS)
used by the Bureau of Land Management (BLM) in
their forest fire program. BLM’s network is config-
ured to locate typical meteorologic lightning strikes

that could potentially cause forest fires. A subset of
BLM's network was modijfied and configured to en-
hance the potential to detect and {ocate volcanogenic
lightning caused by the eruptions of Redoubt Volcano,
Alaska. The system successfully detected and located
volcanogenic lightning during several eruptions (Hoblitt,
1994), In 1991, AVO instailed its own LDS and con-
figured it to detect lightning in the Cook Inlet area.

The typical lightning discharge, or flash, is com-
posed of a number of strokes. The series of strokes
associated with a lightning {lash occur within a few
tenths of a second. A lightning discharge is termed a
“strike” only if it makes contact with some conduc-
tive surface such as the Earth, trees, or aircraft, Each
discrete stroke of lightning gencrates a broadband ra-
dio signal that radiates at the speed of light in an
omnidirectional pattern.

The LDS at AVO incorporates lightning stroke
detcctors in the Alaska citics of Palmer, Iliamna, and
Homer (fig. ). These detectors monitor a portion of
the radio frequency spectrum for a lightning-induced
instantaneous rise in signal amplitude. A stroke that
generates a radio signal with an amplitude exceeding
the detector’s threshold will be recorded at each de-
tector at a different instant in time. The time of ar-
rival of a signal is measured and recorded to sub-
microsecond resotution. Using these precise times of
arrival and the known locations of the detector sites,
a lightning stroke’s location can be determined.

A central analyzer in Anchorage calculates the
locations of strokes. Communication between the ana-
tyzer and the remote detectors is via modem and
phoneline (fig. 2). At regular intervals, the central ana-
fyzer automatically dials and queries each of the three
remote detectors. Data is downloaded by the central
analyzer and quickly correlated to determine if light-
ning strokes were detected. Variouvs parameters are
determined for each stroke including amplitude, po-
larity, and location.

There are two primary modes of recording LDS
data: in a log file, and in the video information sys-
tem (VIS). Processed and raw data (including system-
status reports) are automatically transferred to and
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stored in a log file on an associated computer. This
file essentially contains the entire central analyzer oul-
put. The VIS data are initially stored in a buffer in
the central analyzer, Before lightning data are sent to
the VIS, a stroke must meet the criteria of being re-
gionally comparable to, and occurring within 5 min-
utes of a preceding stroke. These criteria are designed
to ensure the reliability of data. The VIS provides a
graphic display of stroke locations aed allows access
to various quantitative stroke parameters.

THE 1992 ERUPTIONS OF CRATER
PEAK

Mount Spurr volcano is located 125 km west of
Anchorage at the northeastern end of the Aleutian arc
(fig. 1). Following 10 months of elevated seismicity,
the volcano erupted explosively on June 27, August 18,
and September 16-17, 1992, The site of the thrce erup-
tions was Crater Peak, a satellite cone at 2,300 m
elevation on the southern margin of the caldera and
3.2 km south of Mount Spurr’s summit cone (Nye and
Turner, 1990).

The three eruptions of Crater Peak were similar
in character. The eruptions were explosive with sud-
den and impulsive onsets to each main phase. Dura-
tion of the main phase of each eruption were 3.5 to 4
hours, material ejected largely consisted of andesitic
tephra, dense-rock egquivalent erupted volumes for each
of the eruptions were similar (Neal and others, this
volume), and maximum radar-discernible column heights
were approximately 13 to 15 km above sea level (Rose
and others, this volume).

LIGHTNING RECORDED DURING THE
AUGUST 18 ERUPTION

Although lightning was visnally observed dur-
ing the August and September eruptions, the LDS re-
corded lightning only during the August (8 eruption.
The main phase of the August 18 eruption began at
4:42 p.m. Alaska daylight time (ADT). The LDS was
unable to establish communication with the detector
at lliamna and therefore was not fully operational prior
to 6:30 p.m. ADT. This prevented direct comparison
of the onset of the eruption with the onset of light-
ning. Although the LDS first detected and located light-
ning at 6:30 p.m. ADT, it is known that lightning did
occur before this time. First, an independent LDS op-
erated by the BLM and designed to detect only ground
strokes, or strikes, recorded 14 strikes associated with
the eruption between 5:43 p.m. ADT and 7:51 p.m.
ADT (Keith Pollock, BLM, oral commun., 1992). Sec-

ondly, the two operational detectors at Homer and
Palmer recognized common events believed (o be light-
ning strokes associated with the eruption as early as
5:30 p.m. ADT. Third, airborne observers at the vol-
cano saw lightning at 5:45 p.m. ADT (G. McGimsey,
USGS, oral commun., 1992).

Once communication to all three detectors was
established, the LDS recorded 171 strokes during a
70-minute interval. The horizontal spatial pattern of
recorded stroke locations forms a crude circle roughty
10 km in diameter (fig. 1). There is a concentration
of strokes on the eastern side of the circle. The cen-
ter of the circle of strokes is displaced approximately
5 km in a direction 110° (true north) from the erup-
tive vent. This displacement is consistent with the mi-
gration of the eruption cloud resulting from the west-
erly winds during the eruption (Neal and others, this
volume).

At the time of lightning detection, the eruption
column had extended to its maximum altitude of about
14 km on the basis of C-band radar estimates (Rose
and others, this volume), or 18 km (unpublished pilot
reports). Satellite imagery near this time depicts an
elongate plume extending to the east. The National
Weather Service's C-band radar provides a cross-sec-
tional view of the plume (not the eruption column)
displaced to the east of the vent. The image shows
zones that are defined by regions of like particle size
(Rose and others, this volume).

The spatial pattern made by the stroke locations
is very uniform, which suggests that it is not a ran-
dom function. Stroke occurrence and location are most
likely controlled by concentrations of particle-size frac-
tions or particle densities within the plume that in
turn control charge densities and polarities.

Analyses of stroke signals suggest that more than
70 percent of the swrokes were intracloud, and the re-
matning 30 percent were ground strokes, or strikes.
However, caution must be exercised when consider-
ing the distinction between these intracloud and cloud-
to-ground strokes. The LDS determines stroke type
with a model that is based on typical meteorologic
lightning. The time between peak stroke signal and
the first polarity change is measured, [f this time in-
terval js less than 10 mjcroseconds, the stroke is clas-
sified as intractoud. If the time interval exceeds 10
microseconds, a ground stroke is indicated. However,
volcanogenic lightning might behave quite differently
than meteorologic lightning in this regard. For instance,
the conductive ionized channel that precedes volcan-
ogenic lightning could perhaps be a slower path than
that for meteorologic lightning (Rodney Bent, Atmo-
spheric Research Systems, Inc., oral commun., 1992).
If this were the case, some volcanogenic intracloud
strokes could be misclassjfied as ground strokes.
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Stroke amplitudes, calculated by AVO’s central
analyzer, for the 50 detected ground strokes ranged
from 15 kA to 40 kA with an average amplitude of
22 kA. These values fall within the range of ground
strokes observed in local area thunderstorms but ap-
proach neither the fow nor high values that describe
this observed range (3.5 kA 1o 350 kA). The LDS is
unable to calculate amplitudes for intracloud strokes.

UNDETECTED LIGHTNING

Lightning was neither detected nor observed dur-
ing the June eruption. Although the occurrence of light-
ning was observed during the September eruption, none
was detecled by the LDS even though the system ap-
peared to be operational. Indeed, the system probably
did not detect all of the lightning that occurred dur-
ing the Auvgust 18 eruption, even when the system
was fully operational. There are several possibilities
for this. The simplest explanation is that the signal
from intracloud lhightning has a lower amplitude than
cloud-to-ground lightning. Data from the August 18
eruption indicate that intracloud lightning predomi-
nates, Possibly the typical signai levels {rom these
strokes fall below the detection threshold of the LDS.
The subset of strokes recorded for the August 18 erup-
tion may have produced greater signal strengths and
were therefore the only ones detected.

Considering the similarities between the three
eruptions, it is puzzling that strokes were detected for
only the August eruption. Perhaps subtle factors are
involved in an eruption that would raise the stroke
amplitudes or affect other stroke characteristics that
woutd allow for detection. Also, almospheric and me-
teorologic conditions at the time of an eruption may
influence volcanogenic tightning characteristics.

SUMMARY

An LDS was installed at AVO to further explore
the potential to determine the occurrence of volcanic
ash clouds through the detection of associated light-
ning. Such a monitoring approach woujid allow for the
detection of an ash cloud even when meteorologic con-
ditions might prevent observation from satellites and
ground-based radar. During one of the three 1992 Crater
Peak eruptions, it was demonstrated that the system
could fuunction as anticipated. The LDS was able to
detect and locate at least a subset of the lightning
associated with the August 18 eruption. The circular
pattern of the stroke locations give an indication of
both size and movement of the ash cloud.

Atthough lightning was observed during the Sep-
tember eruption, none was detected by the LDS. The
LDS did not record all of the Jightning associated with
the August eruption. A plausible explanation for this
is that the relatively low-amplitude intracloud light-
ning that was predominant during these eruptions did
not, with the exception of the 171 lightning strokes
recorded during the August eruption, generate strong
enough signals to be detected at all three detector lo-
cations. Installing a fourth detector closer to the moni-
tored volcanoes may enhance the ability to detect
voleanogenic lightning during future eruptions of Cook
Inlet volcanoes.
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ABSTRACT

Lahars, which are flows of volcanic sedimeni
and water, are commonly the most immediate hydro-
logic hazard resulting from volcanic eruptions. La-
hars often change character as they flow downstream,
and a single flow can behave as a debris flow at one
time and place and as streamflow at another time and
place. Crater Peak, a vent on the flank of Mount Spurr
volcano, erupted on June 27, August 18, and Septem-
ber 16—17, 1992. Lahars generated during these erup-
tions illustrate the effects of clay content on lahar
behavior, processes of flow transition, and thresholds
of glacier slope and surface roughness, below which
tahars are not generated.

On June 27, snow, ice, and rock avalanches were
triggered by the eruption and flowed down several steep
gullies on the south flank of Crater Peak. These flows
became debris flows and entered the Chakachatna River
in three places. During the August 18 eruption, at least
four pulses of hot pyroclastic flow covered a small
area on the middie part of Kidazgeni Glacier and flowed
down three gullies on the south flank of Crater Peak,
but no lahars resulted and no flows entered the Cha-
kachatna River. On September 16-17, pyroclastic flows
covered and traversed a larger area on Kidazgeni Gla-
cier and eroded snow and ice along steep, crevassed
icefalls then coalesced near the toe of the glacier to
form a debris flow that deposited most of its sedi-

ment along a morse gently sloping reach. The debris
flow then eroded more material as it descended a nar-
row gully, and the resulting deposit at the mouth of
that gully dammed the Chakachatna River,

Comparison of the behavior of the 1992 Crater
Peak lahars with [ahars that resulted from the 1980
eruption of Mount St. Helens, Washington, indicates
that if less than 1 percent clay-size material is present
in the flow, coarse-grained material is deposited on
relatively steep slopes, and debris flows do not ex-
tend as far downstream as do debris flows with larger
proportions of clay-size material.

INTRODUCTION

Lahars often present the most serious of all vol-
canic risks in populated areas. The hazard these flows
of sediment and water represent depends on their char-
acter. Lahars can range from Newtonian, sediment-
laden streamflow to non-Newtonian debris flow and
can change as they move downstrcam. The character
of the flows depends on initiating mechanisms, na-
ture of the material incorporated in the flow, water
content, and changing channel and valley geometries.
Although numerous tahars have been documented, es-
pecially since the devastating eruptions of Mount St.
Helens, Washington, and Nevado de! Ruiz, Columbia
(see Janda and others, 1981; Pierson and others, 1990;
Scott, 1988; 1989), documentation of the range of fac-
tors that produce lahars remains incomplete.

Lahars were produced during two of the three
1992 eruptions of Crater Peak, a vent on Mount Spurr
volcano. During the June 27 eruption, avalanches of
snow and volcaniclastic debris flowed down Crater Peak
creek (informal name) and Wilton's Walk guily (in-
formal name; fig. 1) and evolved into debris flows.
During the September 16-}7 eruption, pyroclastic flows
eroded and incorporated snow and glacier ice on
Kidazgeni Glacier, and they transformed into debris
flows that eventually dammed the Chakachatna River
at the mouth of Bench gully (informal name; fig. 1).
During the August 18 eruption, pyroclastic flows ex-
tended down the gullies on the vpper flanks of Crater
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Peak and onto Kidazgeni Glacier and produced small
meltwater flows that did not evolve into debris flows.

In both eruptions in which debris flows were gen-
erated (June 27 and September 16~17), the volume
and character of the flows changed as older volcani-
clastic material was entrained and as sediment was
deposited along the fiow path. Most of the sediment
was deposited near the base of the volcano, and the
lahars did not extend far downstream.

Lahars generated during the July 9, 1953, erup-
tion of Crater Peak (Juhle and Coulter, 1955) affected
the same drainages that were affected during the 1992
eruptions and were about the same size. They flowed
down Crater Peak creek, across an area known infor-
mally as "“the Bench,” and down Bench gully and an
unnamed stream draining from Kidazgeni Glacier, 2
km downstream from Bench gully (figs. 1 and 2). The
Crater Peak creek lahar deposited debris that formed

a fao in the channel of the Chakachatna River that
dammed the river and formed a lake. The lake still
existed in 1995, although it was not as large. Smaller
fans were depaosited at the mouths of Bepch gully and
the unnamed stream 2 km farther downstream. Ap-
parently, considerable tephra was deposited on Kid-
azgeni and Straight Glaciers, but little, if any, tephra
was deposited on Crater or Barrier Glaciers. The sum-
mit crater of Crater Peak was filled with snow and
ice prior to the 1953 eruption. The snow and ice were
completely removed by the 1953 eruption.

Currently no structures or people are at risk from
flows down the south flank of Mount Spurr. How-
ever, hydroelectric and hydrothermal development and
extensive coal mining have been or are being consid-
ered in the region. The significant hazard presented
by lahars from Mount Spurr is integral to land-use
planning for areas surrounding the volcano.
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Figure 2. A, South flank of Mount Spurr volcano, southwestern Alaska, on September 2, 1952,



Figure 2. Continucd. B, South flank of Mount Spurr volcano. southwesicrn Alaska, on August 29, 1954. Lahar
deposits from July 9, 1953, eruption of Crarer Peak visihle in center of photograph.

PHYSIOGRAPHY AND HYDROLOGY

About 67 km3 of snow and ice, covering 360
km2, are stored in the glacicrs on Mount Spurr. The
main caldera of Mount Spurr is {illed by snow and
glacier ice and is the source of Kidazgeni Glucier,
which flows around the east side of Crater Peak, and
of Crater glacier (informal name), which flows around
the west side of Crater Peak (fig. 1). Prior (o the 1953
eruption of Craler Pcak. the crater aC its summit was
filled with snow and ice that extended a short dis-
tance down the flanks (Juhle and Coulter, 1955). Barrier
Glacier is the Jargest glacier in the Chakachatna Ryver
drainage and partly obstructs the river southwest of
Mount Spurr; this obstruction resulted in the forma-
tion of Chakachamna Lake. Barrier Glacier heads on
the wesl flank of (he main caldera of Mount Spury,
about 5 km northweslt of Crater Peak.

The Chuakuchatna River drains the wes(, south,
and east flanks of Mount Spurr, 1ncluding the areas
most affected by the 1992 eruptions of Crater Peak.
The largest of numerous canyons and small gullies
on the flanks of Crater Peak is Crater Peak creek, a
deep, V-shaped gorge cul into pyroclastic and laharic
depossis from the Crater Peak venl (Nye and Turner,
1990). Several hot springs are preseal along the creek.
Stream slopes of all of these drainages are steep, rang-

ing from 0.3 to |.1 meters per meler (m/m) in Crater
Peak creek within the first 3 km from the rim of the
crater (fig. 3). Al an altitude of about 520 m, Crater
Peak creek is bounded by the toe of Crater glacier on
the west and by a late Pleistocene debris-avalanche
deposit on the east. AL this point, channel slopes de-
crease and range from 0.04 (v 0.09 m/m. Wilton's Walk
gully. which drains the south-southeast flank, ranges
in slope from 0.3 10 0.8 m/m upstream from the point
wherc 1t drains onto the Bench, a gently sloping plain
underlain by late Pleistocene debris-avalanche depos-
its and late Holocene outwash from Kidazgeni Gla-
cier. Slopes across the Bench range from 0.04 to 0.2
m/m. The cast flank of Crater Peak is drained by a
stream that (lows on ang along the margin of Kidazgeni
Glacier, and then through a breach in the Kidazgeni
lateral moraine onto the Bench. The Bench is drained
by Bench gully, a steep (0.! to 0.6 m/m) gully that
flows onto an alluvial {an in the Chakachaina River
valley.

Mean annual precipitation near Mounl Spurr
ranges from less than 1,000 mm near the coast Lo more
than 2,000 mm along the crest of the north end of
the Alcutian Range (National Weather Service, 1972);
on Mount Spurg, most of the precipitation falls as snow.
The snowpack reaches its maximumn depth in laie May
or early lune.
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to Mount Spurr volcano, southwestern Alaska, and one snow-
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km south of Crater Peak that was taken by U.S. Geological
Survey (USGS) scientists. Maximum snow depth was mea-
sured during March of 1992 at the low-altitude (NWS and
SCS) sites and on April 10, 1991, a1 Double Glacier site.
Extrapolation of regression based on these data indicates
that snowpack on south rim of Crater Peak was 621 m thjck.

The mean annual discharge from the 2,900 km?2
basin upstream from the mouth of Chakachamna Lake
was 107 m3¥/s from 1959 to 1972, when a streamflow
gaging station was operated there. Annual high flow
is generated from glacier melt, and streamflow is gen-
erally greatest during August; the August mean monthly
discharge is 340 m3/s (Scully and others, 1978). A
flow with a probability of being equaled or exceeded
once every 10 years has a magnitude of 595 m3/s
(Lamke, 1979). The largest flood measured on the
Chakachatna River had a peak discharge of 13,300
m3/s, and it occurred on August 11, 1971, when part
of the Barrier Glacier ice dam was eroded. Barrier
Glacier extends most of the way across the Chakachatna
River valley. The Chakachatna River occupies a nar-
row canyon between the toe of Barrier Glacier to the
north and the bedrock valley walfl to the south. Dur-
ing the period from 1959 to 1971, Barrier Glacier had
advanced faster than ice was removed from its toe,
and the outlet to the lake became progressively smaller.
During high flow generated by a regional rainfall, the
toe of the glacier was eroded laterally, which enlarged
the outlet of the lake and resulied in the release of
about 2.9 x 108 m3 water (Lamke, 1972; Scully and
others, 1978).

JUNE 27, 1992, LAHARS

The June 27 eruption occurred near the tirae of
the maximum snow accumulation on Crater Peak. The
snow depth on relatively flat surfaces, such as gla-
ciers near 2,000 m altitude, is estimated to have been
about 6 m of snow, on the basis of regional extrapo-
lation (fig. 4). The water equivalent of that snowpack
is estimated to have been 2.2 m on the basis of an
average density (0.36 g/cm3) for the five snowpack
measurements (made during April 1991 and March
1992) used to construct figure 4. However, snow was
not evenly distributed prior to the eruption, and snow
in the avalanche-source areas was probably deeper than
6 m; gullies were filled with snow that had avalanched
or blown from the ridges. A small perennial snow and
ice layer was present on the east inside wall of the
crater prior to the eruption.

The eruption triggered large avalanches of snow,
ice, and rock that flowed down the four major drain-
ages on the south and southeast flanks of Crater Peak
(fig. 5). Massive tephra deposits blanketed an area of
about 0.08 km? on the crater rim, upstream from the
source arcas for the avalanches, but no specific evi-
dence of pyroclastic flows was observed (see Miller
and others, this volume, fig. 1). The avalanches ap-
parently occutred during the later part of the erup-
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OTHER HYDROLOGIC EFFECTS OF
THE 1992 CRATER PEAK ERUPTIONS

Increased meltwater runoff can be expected from
all glacier areas where ash deposits are less than about
24 mm in thickness because of decreased atbedo,
whereas ash thickness of more than a few centime-
ters can be expected to reduce meltwater runoff be-
cause the low heat conductivity of the materials in-
sulates the ice from diurna) temperature fluctuations
(Driedger, 1981). The only known ash deposit with
thicknesses more than a few centimeters is on the
Kidazgeni Glacier and Straight glacier (informal name,
fig. 1). Prior (o the 1992 eruption, thick, abtation-
reducing ejecta from the 1953 eruption of Crater Peak
mantied Kidazgeni Glacier below the junction of the
east and west arms as well as the lower few kilome-
ters of Straight Glacier.

The effects of the 1992 eruption on Barrier Gla-
cter (fig. 1) and its debris-covered piedmont lobe. which
dams the Chakachatna River to form Chakachamna
Lake, are not expected to be significant. However, these
effects need to be considered because release of
Chakachamna Lake would be a significant hydrologic
hazard. The flow of Barrier Glacier is not likely to
have beep affected by a change in the heat flow to
the bed of the glacier, because the glacier is more
than 5 km from Crater Peak, the active vent. Further-
more, almost no ash was deposited on the glacier, and
no pyroclastic fiows occurred on or near the glacier.
The ice-flow speed of the piedmont lobe fluctuated
in the past (G.C. Giles, U.S. Geologica! Survey, written
commua., 1967); however, the single flood release from
Chakachamna Lake probably was caused by lateral
erosion of the ice dam during rainfall-generated high
flow (Lamke, 1972).

Fallout tephra deposits from the three Crater Peak
eruptions in 1992 blanketed much of the heaviest popu-
lated areas in south-central Alaska (see Neal and oth-
ers, this volume). After the August 18 eruption de-
posited several millimeters of ash on Anchorage, both
air and water quality were affected. Water use was
greater than at any previous time, as businesses,
homeowners, and the municipality washed away the
ash. (Charley L. Bryant, Anchorage Water and Waste-
water Utility, Municipality of Anchorage, written
commun., 1992)

CONCLUSIONS

The interaction between snow and glacier ice and
the pyroclastic flows and lahars produced by the 1992
eruptions of Mount Spurr voicano confirm the con-
clusions drawn from similar occurrences during the

1989-90 eruptions of Redoubt Volcano (Trabant and
others, 1994) and the 1985 eruption of Nevado del
Ruiz Volcano (Pierson and others, 1990). First, flows
generated by mecharical disruption and entrainment
of snow and glacier ice by pyroclastic flows are gen-
erally targer and more likely to be debris flows than
when hot pyroclastic material is deposited more pas-
sively over f{lat surfaces. Second, butking of lahars
by erosion of debris downstream of the initiation point
can produce greater hazards than those created by the
initial flows. The lahars contained extremely low pro-
portions of clay-size material and came to rest on rela-
tively steep slopes, a behavior more similar to debris
flows observed in Nevada and Califoraia than to flows
observed at other volcanoes.

During the August 18 eruption, when pyroclas-
tic material was, for the most part, deposited passively
on glacier ice, small mettwater flows were produced.
During the September 16-17 eruption, more energetic
pyroclastic flows traversed a larger and stecper area
of the glacier that was broken by crevasses. These
flows eroded and melted enough glacier ice 10 pro-
duce large floods downstream. This observation indi-
cates that the largest potential for incorporation of
snow and glacier jce by volcanogenic flows is at places
where ice surfaces are highly crevassed, steep, and
exposed to large volumes of volcanogenic materials.

During the June 27 eruption, the eruption trig-
gered snow, ice, and rock avalanches, but significant
amounts of snow and ice were not melted by interac-
tion with hot volcaniclastic material. In many ways,
the June 27 lahar was simifar to the March 19, 1982,
labar at Mount St. Helens, which began as a snow
avalanche, and bulked by eroding volcaniciastic ma-
terial both on the flank of the volcano and on the
[980 debris-avalanche deposit. The June 27 Crater Peak
lahar buiked on the flanks of the voicano, but it was
deposited at the base of the volcano where it entered
the Chakachatna River valley.

The character of the lahars generated during the
1992 eruptions changed rapidly as they flowed down
the flanks of the volcano and into the Chakachatna
River valley. Where abundant, readily erodible sedi-
ment existed along the channel margins, such as along
Crater Peak creek and Bench gully, the tahars incor-
porated additional sediment and sometimes buiked to
debris flows. However, the flows contained very little
clay-sized sediment, and most of the gravel in the flows
was deposited on fans baving slopes between 0.04 and
0.09 m/m, which is much steeper than depositional
areas of lahars having more clay-sized sediment. Be-
cause the flows deposited most of their sediment on
relatively steep slopes, the hazards resulting directly
from the lahars did not extend far beyond the base of
the volcano.
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ABSTRACT

A long, high-amplitude seismic signal caused by
an outburst flood from the Kidazgeni Glacter occurred
during the late morning of June 29, 1993. This was
the longest continuous seismic signal recorded on the
Spurr seismic network since the tremor episodes of
October 2, 1992, and the earthquake swarm of No-
vember 9-10, 1992. The event was significant because
visual analysis of helicorder records generated con-
siderable concern that it might have been tremor pre-
monttory (0 an eruption and because poor weather made
direct observation of the Crater Peak vent of Mount
Spurr impossible. The seismic signal was different from
tremor both in the amplitude ratios between stations
and in frequency content. This was not fully, or equally,
appreciated by all those involved in the emergency
response, and there was protracted discussion about
whether or not the Alaska Volcano Observatory (AVO)
should raise the level-of-concern color code. Fortu-
itously, a field crew was in the area during the in-
creased seismicity, and they observed an outburst flood
from the terminus of the Kidazgeni Glacier. This flood
was the source of the seismicity.

INTRODUCTION

The Kidazgeni Glacier is a valley glacier that
drains the southern part of the Mount Spurr amphi-
theater. The glacier is 1.5 to 3 km wide and about
7.5 km long (fig. 1). It averages 125 m in thickness

and covers an area of about 21 square kilometers (R.S.
March, oral commun.). It issues from the amphithe-
ater on the east side of Crater Peak, the active vent
of Mount Spurr volcano and the source of the 1992
eruptions (Eichelberger and others, this volume). It
flows steeply from an altitude of about 2,135 m (7,000
ft) to about 900 m (3.000 ft) then spreads into a broad.
flat lobe that ¢nds at about 700 m (2.300 ft) eleva-
tion (fig. 1).

The Alaska Volcaro Observatory currently main-
tains a local network of about 10 seismometers in the
Mount Spurr arca. Between 1981 and 1988, only 3
stations were maintained, and during that time the sta-
tton closest to the terminus of the Kidazgeni Glacier
was station CRP, 4 km to the north. From 1988 through
1992 the network density was increased. Station CKN,
1 km south of the Kidazgeni Glacier was installed in
fate 1991 (Power and others, this volume).

This report summarizes the local seismicity and
event chronology of a small outburst flood that is-
sued from the terminus of the Kidazgeni Glacier. The
event was well recorded on local seismometers. Similar
floods or seismic signals had rol previously been noted
at Mount Spurr, but they have occurred at other snow-
and ice-covered volcanoes (sec Brantley and Power,
1985; Driedger and Fountain, 1989).
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SEISMICITY

Seismicity associated with the flood began at 9:20
a.m. ADT (Alaska daylight time, Universal Time mi-
nus 8 hours) on June 29,1993, with an abrupt increase
in amplitude of about two times the background level
at station CKN (figs. ), 2, 3). Within about 3 min-
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Figure 1. Geography of the Kidazgeni Glacier arca of Mount Spurr
volcano, Alaska, showing oulbursl flood location, location of seismic
stations (CP2, CRP, CPA, CKN, and CKT), and geographic features
referred to in the text. Contour interval 1,000 feet.

utes the seismic signal had begun clipping (some part
of the seismometer and telemetry system was satu-
rated). Seven minutes after the initial onset, the am-
plitude abruptly decayed to nearly background level,
where it remained for about 8 minutes. At 9:36 a.m.
ADT, a second stronger and Jonger sejsmic pulse be-
gan (figs. 2. 3). By about 10:11 a.m. ADT, seismicity
at CKN was back to two times background level. It
remained at this level for about another 9 minutes,
when there was a third seismic pulse similar in dura-
tion to the initial puise. Unlike the initial pulse, which
stopped abruptly, the third pulse decayed over a pe-
riod of about 10 minutes. The background seismicity
tevel remained slightly above the pre-event level for
the next day or so. The observed frequency of the
seismic signal peaked at 4 to 6 Hz, and it had a broad
high-frequency tail extending out to about 16 Hz (fig.
4). This frequency content was distinct from the June

26, 1992, pre-eruptive tremor as recorded at station
CKN, which had lower frequencies (2-4 Hz) and did
not have much energy above 5 Hz. Following the main
seismic event on June 29, an increased number of dis-
crete, short duration evemts were recorded primarily
at station CKN. These persisted for a few days (figs.
2, 5).

Other seismic stations recorded the seismicity
associated with the flood, although the peaks in am-
plitude were shifted in time (fig. 3). These times re-
flect more than merely greater distance from the source.
Instead, they record either a migrating source or the
onsct of the most energetic seismicity, which could
only be sensed at more remote stations. An unequivocat
choice between these two possibilities cannot be made
because station CKN had clipped so the time of maxi-
mum seismic intensity there couid not be determined.
However, we favor the onset of more energetic sejs-
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Figure 2. Part of the June 29, 1993, helicorder rccord for scismic station CKN, (Mount Spurr volcano, Alaska) shiowing the
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Figure 3. Digital seismic records of the outburst flood al
seismic stations CKN {top), CP2 {middle), and CRP (lower)
located on or near Mount Spurr volcano, Alaska. Note high
intensity and early onset at station CKN.

micity as a possibility. A plot of the envelope of seis-
micity (not shown) suggests that the maximum en-
ergy was released at the time the largest signal was
recorded at stations CP2 and CRP.

Station CP2 showed an increase in seismic ac-
tivity beginning at 9:38 a.m. and ending about 10:05
a.m, ADT. The frequency content was broadly dis-
tributed, extending fsom 2 to greater than 20 Hz with
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Figure 4, Frequency content of the June 29, 1993, outburst
flood and Sune 26, 1992, pre-enuptive tremor as recorded
at station CKN, Each spectrum is constructed from several
10-second segments, which have been stacked to reduce noise.

no distinct spectral peaks (fig. 6). The signal-to-roise
ratio was low, but the signal exceeded the noise for
all but the very lowest and very highest frequencies.
Station CRP showed an increase in seismic activity
beginning at 9:52 a.m. ADT and ending about }0:05
a.m. ADT (fig. 3). The frequency content of the sig-
nal was narrow, peaking at 2 Hz, but had a broad,
very low-amplitude tail extending to higher frequen-
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cies {fig. 7). The signal-to-noise ratio was low, how-
ever the signal exceeded noise below about 7 Hz. Note
that the spectra from stations CP2 and CRP have am-
plitudes two orders of magnitude lower than those {rom
station CKN. Some aspects of the frequency spectra,
particularly high-frequency attenuation, may be arti-
facts of signal dampening associated with the low en-
ergy and greater distances between stations CP2 and
CRP and the source and station CKN and the source.
Additionally, the low signal-to-noise ratio for these
two spectra may significantly reduce the meaningful-
ness of these data. The June 29 seismic activity at
Mount Spurr volcano resembled tremor seen prior o
past eruptions with the critical differences that the
most energetic signal was not recorded at the station
closest to the vent and the frequency conteat was higher
at the station with the highest amplitude signat (CKN).

FIELD OBSERVATIONS

During the time of increased seismicity, a {ield
party cousisting of personnel from AVO, the Cascades
Volcano Observatory (CVO), and Carnegie Mellon
University was attempting to reach Crater Peak for a
reconpnaissance in preparation for a robotic mission
scheduled for 1994. They approached Crater Peak from
the east at about 10:05 a.m. ADT. The cloud base was
at about 1,200 m. The field party was informed of
the sustained seismicity by AVO Anchorage and landed

at the airstrip 1.5 km east of station CKN (fig. 1) to
obtain more information because internal radio com-
munication in the belicopter was not working prop-
erly. At the airstrip the field crew was informed of
the nature of the seismicity and the concern that it
might be tremor premonitory to an eruption. The field
crew moved to VABM Bend (fig. 1) by 10:30 a.m.
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Figure 6. Frequency content of the June 29, 1993, outburst

flood from Kidazgeni Glacier, Alaska, as recorded at seis-

mic station CP2 on Mount Spurr volcano. Note extremely

fow amplitude compared 10 signal recorded at station CKN

(see fig. 4).
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ADT. When leaving the airstrip those members of the
field crew familiar with the Mount Spurr area noted
that the creek flowing between the airstrip and sta-
tion CKN (informally calied Kidazgeni Creek here)
was in flood with dark brown water that was heavily
laden with sediment. The water level was higher than
had ever been observed previously by those in the
field parcty. Where Kidazgeni Creek entered the Cha-
kachatna River the flow was large enough that mix-
ing was immediate across the entire width (80-100
m) of the Chakachatna River, Below the mouth of
Kidazgeni Creek, the Chakachatna River was the same
shade of dark brown as Kidazgeni Creek. Above
Kidazgen Creek the Chakachatna River was its typi-
cal milky blue-green. We estimate that the flow out
of Kidazgeni Creek must have been a few tens to sev-
eral tens of percent of the total flow of the Chakachatna
River to so completely and immediately dominate the
river’s color.

The field crew remained at VABM Bend observ-
ing Kidazgeni Creek, waiting for a change in the seis-
micity, and waiting for the clouds to lift to allow ac-
cess to Crater Peak. By 12:25 a.m. ADT the flow in
Kidazgeni Creek had subsided enough to expose freshly
cut and collapsing stream banks with cutbanks on the
order of 1 m high. The field crew conducted an aerial
reconnaissance of Kidazgeni Creek and lower Kidazgeni
Glacier. Flow into the Chakachatna River was reduced
to the point that the muddy brown flood water no
longer dominated the Chakachatna River at the conflu-
ence with Kidazgeni Creek. Instead, flow from Kidaz-
geni Creek influenced about one quarter of the width
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Figure 7. Frequency content of the June 29, 1993, outburst
flood from Kidazgeni Glacier, Alaska, as recorded at seis-
mic station CRP on Mount Spurr volcano. Note extremety
low amplitude compared to signal at CKN (see fig. 4). Sig-
nal-to-noise ratio is smalt, but signal exceeds noisc between
about 1.5 and 7 Hz.
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of the Chakachatna River, and it followed the north-
eastern bank downstream for a few hundred meters
before complete mixing. After mixing with the reduced
discharge from Kidazgent Creek, the Chakachatna River
was intermediate in color between the dark chocolate
brown of Kidazgeni Creek and the milky blue-green
of the upper Chakachatna River. The field crew also
noted a new stream exit in the western terminus of
the Kidazgeni Glacier (fig. 1) surrounded by newly
broken ice blocks. It was from this new exit that the
dark brown flood waters were issuing. A small super-
glacial stream a few tens of meters to the west was
flowing clear, and anather subglacial stream several
tens of meters o the east was the typical milky blue-
green of glacial streams. The field crew proceeded
up ghacier (o about the 1,500 m tevel looking for ma-
jor changes to the surface of the glacier but saw none.
There is no indication that the outburst was gener-
ated by rapid draining of a superglacial lake. Instead
the water storage must have been englacial or sub-
glacial. The glacier in this area is heavily crevassed
with a thick cover of debris and 1992 tephra. The
field crew returned to the airstrip to observe Kidazgeni
Creck and wait for better weather. A small rock slide
was correlated with one of the discrete seismic events
recorded by station CKN. By 3:50 a.m. ADT the ceiling
had lifted to within a hundred meters of the low spot
on Crater Peak rim and the field crew flew up along
the southern flank of Crater Peak hoping for at least
a view into the crater. The ceiling was solid and be-
tow the lip of the crater so the field crew returned to
Anchorage.

Periodic field investigations of the Kidazgeni
Glacier surface were made throughout the 1993 field
season to search for evidence that a single subglacial
cavity containing the water had drained. However, no
surface collapse features were found.

DISCUSSION

On June 29, 1993, subglacial water burst from
a small opening in the terminus of Kidazgeni Glacier
and rushed down the steep slopes of Crater Peak to
the Chakachatna River. This outburst flood was well
recorded seismically and confirmed by field observa-
tions. Seismicity at the station nearest the outburst
location (CKN, 1 km south) was distinct from volca-
nic tremos in its high frequency content (peaking at
5 Hz compared to 3 Hz tremor) and high-frequency
tail extending to greater than 20 Hz (fig. 4). The dis-
tinct high-frequency signal was greatly attenuated by
the time outburst seismicity was recorded at stations
more distant (but still within 5 km of the creek). Similar
broadband high-frequency seismicity was also observed
during floods and iahars at Mount St. Helens, Redoubt
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Volcano. and Mount Pinatubo (Brantley and Power,
1985; Dorava and Meyer, 1994; Bautisia and others,
1991). The characteristic frequency of flood events
has been recognized by developers of acoustic flow
monitoring instruments, which have been used to re-
motely detect lahars (Hadley and LaHusen, 1991). The
increase in discrete events after the June 29 outburst
was also recorded most strongly at station CKN, and
presumably it reflects settling of the glacial ice after
withdrawal of engtacial or subglacial water. It is not
uncommon to have large quantities of water stored in
or under glaciers, especially those on active volca-
noes. Post and Mayo (1971) noted that “glaciers with
no visible lakes may present unusual flood hazards”
and that there is “a common association of glacier
outburst floods with glacier-ctad volcanoes.”

The total discharge of the flood ts not precisely
known because no flow rate measurements were made
during the event and no channel slope and cross-sec-
tion measuremenis were made after the event. How-
ever, based on the complete and immediate mixing of
Kidazgeni Creek and the Chakachatna River, field ob-
servers estimated that peak flow from Kidazgeni Creek
was a few tens of percent of the total flow of the
Chakachatna River. Average June, July, and August
flow of the Chakachatna River was about 280 m3/s
during the period 1959-1972 (U.S. Geological Sur-
vey, 1973). If the outburst flood of June 29, 1993,
produced a sustained discharge of 20 to 30 percent
of this flow during the 66 minules of seismic shaking
at station CKN, then the total flood volume would
have been 220,000 1o 330,000 m3. This may underes-
timate the total volume because field observers noted
that Kidazgeni Creek flow rcmained at lcast some-
what elevated after seismicity at station CKN returned
to near-background levels. The volume of this flood
is about four orders of magnitude less than more com-
monly known outburst floods such as the Grimsvotn
jGkuthlaups in Icetand (Drewry, 1986). If this volume
of water was released from a reservoir on the surface
of the glacier it would require a pond about 100 m in
diameter and 10 m deep. No such pond was seen on
the surface of the Kidazgeni Glacier at any time dur-
ing the years of periodic observations prior to the out-
burst, thus the outburst must have come from engla-
cial or subglacial storage.

The magnitude of this outburst flood is difficult
to compare with normal run-off {rom the glacier be-
cause of the scarcity of meteorological data, streamflow
data, and comparable basin-characteristic information
from similar glacier streams. The probable summer
flow from the Kidazgeni Glacier was estimated by

dividing the average summer discharge of the Cha-
kachatna River at the gauging station (280 m3/s; U.S.
Geological Survey, 1973) by the 2,900 km? arca of
the basin providing that flow, resulting in a unit dis-
charge of 0.0966 m3/s/km2, We compare this (0 the
discharge of two unglaciated basins 125 km to the
northeast, which average 0.0366 m3/s/km? and con-
clude that about 60 percent of the flow of the
Chakachaina River is contributed by the 30 percent
of the basin covered by glaciers. This analysis sug-
gests that the average discharge from glaciers in the
Chakachamna Lake basin is 0.20 m3/s/km2 The
Kidazgeni Glacier is about 21 km?2, and thus should
have an average runoff of about 4.3 m3/s, making the
peak outburst flood discharge of 70 m3/s about 16
times the mean summer runoff. The estimated {lood
vofume corresponds to about one day of average run-
off for the entire glacier at 4.3 m3/s, We caution that
there may be substantial errors in estimating both the
flood volume and typical runoff from the Kidazgeni
Glacier. We believe, however, that the figures pre-
sented here illustrate at least the order of magnitade
of volumes involved.
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ABSTRACT

Crater Peak vent on the south side of Mount Spurr
volcano, 67 nautical miles (125 km) west of Anchor-
age, Alaska, erupted on June 27, August 18, and Sep-
tember 16-17, 1992. Each eruption produced an ash
column that rose to between 43,000 and 49,000 ft (13
and 15 km) above sea level. Although drifting ash
clouds from the three eruptions disrupted air traffic
over Alaska, western Canada, and the central conter-
minous United States, no aircraft were damaged by
encounters with the ash clouds.

Ashfall from the August 18 eruption deposited
from /16" to /8" (1 to 3 mm) of ash in Anchorage
and caused Anchorage airports o close or curtail op-
erations for several days. The cost of removing the
ash from the airports, including the cost of protect-
ing and cleaning aircraft caught on the ground in An-
chorage is estimated at $683,000. The net passenger
revenues lost owing to flight cancellations while An-
chorage airports were closed are estimated at $276,000.

Because encounters with volcanic ash clouds from
the 1989-90 eruptions of Redoubt Volcano caused se-
rious damage to f{ive passenger airplanes, there has
been a high level of concern in the aviation commu-
nity about volcanic ash and the threat it presents to
aviation safety. The lack of encounters between air-
planes and ash clouds from the Mount Spurr erup-
tions reflects better understanding and increased aware-
ness about the hazards of volcanic ash. Since 1990, a
number of improvements have been made to reduce
hazards resulting from volcanic ash. These improve-
nments have resulted from major initiatives by Federal
and international regulatory agencies and by aviation
associations and inciude: (1) improved warnings of
eruptions provided by increased maonitoring of Cook
Intet volcanoes, (2) improvements in the detection and
tracking of volcanic ash clouds, (3) improved educa-
tion of pilots and flight dispatchers, and (4) stream-
tining the ways in which information and warnings
are communicated among the agencies concerned with
aviation safety.

INTRODUCTION

Recent eruptions at Redoubt Volcano in Alaska
and Pinatubo Volcano in the Philippines provided pi-
{ots, aircraft operations personnel, meteorologists, and
volcanologists considerable experience in reacting to
the presence of voleanic ash clouds and the resulting
effects of ash on aviation safety (Casadevall, 1992;
1994a). The 1989-90 eruptions of Redoubt Volcano
produced ash clouds which damaged f{ive jet airliners
(Casadevall, 1994b). The June 1991 eruptions of
Pinatubo produced large ash clouds that were involved
in at Jeast 16 damaging encounters with jet airliners
(Casadevall and Delos Reyes, 1991),

Mount Spurr (11,070 ft, 3,374 m) is one of three
volcanoes in the Cook Inlet area of south-central Alaska
that have erupted in the past decade, Eruptions of the
Crater Peak vent (6,990 fi, 2,130 m) on the south side
of Mount Spurr on June 27, August 18, and Septem-
ber 16-17, 1992, produced ash columns that rose to

205
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43,000 to 49,000 ft (13 to 15 km) above sea level
(Eichelberger and others, this volume). Upper-level
winds carried ash from the three eruptions into air-
space over south-central and eastern Alaska and western
Canada. Ash from the eruptioas in June and Septem-
ber was also carried over northern and central parts

of the United States (fig. 1). This report evaluates
the communication between agencies of information
available at the time of the eruptions, describes the
movement of the three Mount Spurr ash clouds, and
examines the effects of the clouds on aviation opera-
lions.

Figure 1. Comparative trajectories of the
ash clouds from the June, August and Sep-
(ember 1992 eruptions from Mount Spurr
volcano, Alaska. Solid lines are ash cloud
boundaries determined from composite
satellite images. Pattesned areas are cloud
positions forecast by the volcanic ash fore-
casl transporl and dispersion (VAFTAD)

FORECAST CYCLE 92/09/17-12Z

FORECAST CYCLE 52/09/18-12Z

model of Heffter and Stunder (1993).
Moadified from Heffter and Stonder (1993).
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Prior to the 1992 eruptions, Mount Spurr last
erupted on July 9. 1953, with a single explosive erup-
tion that sent ash to a maximum estimated elevation
of 70,000 ft (2).3 km) (Juhle and Couiter, 1955).
Upper-level winds carried ash from that eruption over
Anchorage, 67 nautical miles (125 km) east of the
volcano, and from 1/8" to 1/4" (3 to 6 mm) of ash
fell at Anchorage Airport and Elmendorf Air Base:
this ashfall resulted in closing the airports for several
days and disrupting civilian and military airport op-
erations for several weeks (Juhle and Coulter, 1955;
Wilcox, 1959). In addition to the airport closures, at
least three F-94 military jets were damaged after fly-
ing into the eruption cloud. Ash also covered several
C-124 transport aircraft (Globe Trotters) that were
parked at Elmendorf; ash removal from these aircraft
took 10 days (U.S. Air Force, 1955).

Whereas no damaging encounters between air-
planes and ash clouds were reported for the 1992 Crater
Peak eruptions, the ash clouds did disrupt air traffic
over Alaska, Canada, and the northern and central
DUnited States. In addition, the removal of ash and the
cleaning of airport facilities and airplanes required tem-
porary suspension of operations at Anchorage airports
for several days following the August {8 eruption.

COMMUNICATIONS

Prompt and direct communication of factuat in-
formation about Mount Spurr’s activity between the
aviation community, meteorologists, and volcanologists
was a key clement in determining pilot cesponse to
the eruptions, just as it had been during the 1989-50
Redoubt eruptions (Brantley, 1990; Casadevall, 1994b).
Beginning with the Redoubt eruptions, the main source
of timely factual information about the activity of Alas-
kan volcanoes has been the volcano update issued by
the Alaskan Volcano Observatory (AVO). The update
is normally reteased weekly and may be supplemented
with a level of concern color code that is based pri-
marily on seismic activity and field observations, The
color code uses one of four colors (Green, Yellow,
Orange, or Red) to succinctly describe the status of
the volcano when an eruption is expected or is in
progress. Green refers to the normal or nonerupijve
state of the volcano. Yellow indicates that the vol-
cano is restless with elevated seismic activity and the
possibility of a plume of gas and steam rising several
thousand feet above the volcano. Orange indicates that
a small ash eruption is expected or confirmed with
piumes not fikely 1o rise above 25,000 ft (7.6 km)
above sea level. Red indicates that a major explosive
eruption is in progress or is expected within the next
24 hours with potentially hazardous ash plumes ex-

pected to exceed altitudes of 25.000 feet (7.6 km) or
more. Changes in this information are issued at any-
time, 24 hours a day, as events at the volcano de-
mand (Alaska Interagency Operating Plan, 1993).

During an ecuption, updates are communicated
immedialely by telephone to the Anchorage Area Con-
trol Center, the Anchorage National Weather Service
office, the Alaska Department of Emergency Services.
and the U.S. Air Force at Elmendorf Air Base. Si-
muitaneously, the update is sent by telephone facsimile
{0 a wide user community including Anchorage Inter-
national Airport and the airlines.

Concern that a future eruption of Mount Spurr
would affect Anchorage in a manner simitar to the
1953 eruption prompted scientists to initiate seismic
monitoring of the volcano beginning in 1981. Since
1989, the AVO has maintained a network of as many
as 10 seismometers on the volcano (Power and oth-
ers, (his volume). Beginning in August of 1991, in-
termittent swarms of small magnitude, shallow earth-
quakes were detected beneath Crater Peak. After a
slightty larger swarm on February 5, 1992, AVO de-
scribed the increased seismicity in the update of Feb-
ruary 7, 1992 (table 1). Between February 7 and June
26, AVO issued 19 additional updates that described
the activity of the volcano, including a special up-
date issued on June 8. This special update contained
analyses of increased seismicity and other monitor-
ing data then available, such as rates of gas emission
(Doukas and Geriach, this volume) and physical and
chemical changes to the small lake within Crater Peak
vent (Keith and Thompson, this volume). On June 26,
AVO used the color code Yellow to describe the sta-
tus of the volcano. The 1992 eruptions of Mount Spurr
began at 7:04 a.m. ADT (1504 UT) on June 27.

ACKNOWLEDGMENTS

We would like to express our appreciation for
information about (he eruptions provided by James
Lynch and Grace Swanson of the NOAA-National En-
vironmental Satellite, Dala and Information Service,
Synoptic Analysis Branch. For the meteorological analy-
sis of the September eruption, we are grateful 10 David
Helms (NASA-Johnson Space Center). For informa-
tion about the effects on the Cleveland Air Traffic
Center, we thank Thomas Howell (FAA). We also
greatly appreciate discussions and the unpublished re-
ports provided by Larry Michou (Anchorage Interna-
tional Airport), Capiain Terry Spurgeon (Transport
Canada), and Carl Shapiro (USGS). Reviews of this
paper by John Pallister and Tom Mitler of the USGS
helped to improve the clarity of the presentation and
are appreciated.



208 THE 1992 ERUPTIONS OF CRATER PEAK VENT, MOUNT SPURR, ALASKA

Table 1. Summary of activity from volcano updates issucd by the Alaska Volcano Observatory concerning the June 27

1992, eruption of Mount Spuer volcano.

Date Time (ADT) Update
2/07/92 -~ First mention of increase in seismic activity at Mount Spurr, Minor increase in
seismic activity had been detected previously, starting in Avgust 1991,
3/13/92-6/05/92 -- Continuing mention of increased seismic activity made in weekly updates.
6/08/92 -- Exlended update on Mount Spuer seismicity released.
6/09/92-6/26/92 .- Weekly updates mentioned increased seismicity.
6/26/92 4:30 pm. At 12:04 p.m. continuous tremor began. Second update issued at 4:30 p.m. on
6/26/92 describing increased seismicity. Color code Yellow deciared.
6/27192 8:00 am. Eruption tremor began at 7:04 a.m. Visua} verification of ash column to
approximately 17,000 ft (5.2 km). Color code rassed from Yeltow to
Orange.
6/27/92 9:15am. Ash column rose 0 greatec than 30,000 ft (3 km). Color code raised from
Orange to Red.
6/28/92 9:00 am. Colos code reduced from Red to Yeltow.
6/28/92-7/07/92 ~- Upsmﬁs issued 6/28, 6/29, 6/30, 7/1, 7/2. 7/3. 7/6, 7/7. Color code semained at
ellow.
7/08/92 3:00 p.m. Color code reduced (0 Green.
7/10/92 3:30 p.m. Weekly updates resumed: colos code remained at Green,

1992 CRATER PEAK ERUPTIONS

The three Crater Peak eruptions in 1992 each
lasted from 3.5 to 4 hours, produced pyroclastic ma-
terial of andesitic composition (Neal and others, this
volume), and generated eruption columns that rose to
between 43,000 and 49,000 ft (13 to 15 km) above
sea level (Rose and others, this volume) (table 2). Each
eruption also produced farge clouds of volcanic ash
and gas that affected air traffic and operations over a
wide area of the United States and Canada (fig. 1).

JUNE 27, 1992, ERUPTION

The June 27, 1992, eruption of Mount Spurr’s
Crater Peak vent produced approximately 12 million
cubic meters of andesitic tephra (Neal and others, this
volume) and the maximum aliitude of the eruption col-
uma, as detected by ground-based radar, was approxi-
mately 48,000 ft (14.5 km) (Rose and others, this vol-
ume). The forecast movement of the June 27 ash cloud
during the first 24 hours was first communicated in
the AVO updates issued on June 27 (table 2) and was
based on analysis of the forecast upper-level winds.
The projected path of the cloud indicated it would
travel north of the volcano toward Denali National
Park (Mount McKinley) and the Beaufort Sea and re-
main well clear of the Anchorage area. By June 28,
upper-level winds changed direction toward the south-
east and by June 29, the clovd had moved southeast-
ward and was transported over western Canada to-
ward the conterminous United States (Heffter and
Stunder, 1993) (fig. 1).

On June 27, shortly after notification of the start
of the eruption by AVO, the National Oceanic and
Atmospheric Administration (NOAA) and the Federal
Aviation Administration (FAA) activated their volca-

nic hazards alert plan, which remained in effect for 5
days. The Synoptic Analysis Branch (SAB) of NOAA's
National Environmental Satellite, Data, and Informa-
tion Service (NESDIS) used imagery from the geo-
stationary operational environmental satellite (GOES)
and forecast trajectories for the ash clouds (Heffter
and Stunder, 1993) to track the June 27 cloud through
July 2 when it became indistinguishable from weather
ctouds over southwestern Canada (J. Lynch, NOAA,
written commun., 1992), During this period, SAB is-
sued 19 bulletins about the position and movement
of the ash cloud to the Anchorage National Weather
Service forecast office, to the National Meteorologi-
cal Center, to the National Aviation weather advisory
unit in Kansas City, to the FAA, and to AVO.

Analysis of images from the advanced very high
resolution radiometer (AVHRR) aboard the NOAA-} 1
polar-orbiting satellite also detected the cloud over
western Canada (Aviation Week and Space Technol-
ogy, 1992). The sulfur dioxide in the eruption cloud
was detected using the total ozone mapping spectrom-
eter (TOMS) aboard the Nimbus 7 satellite and the
cloud was tracked through July 3. The eruption cloud
contained approximately 200,000 tons of sulfur diox-
ide gas (Bluth and others. this volume), a mass com-
parable to the 175,000 tons emitted by the December
15, 1989, eruption of Redoubt Volcano (Schnetzier and
others, 1994).

No airplanes flew into the June 27 ash cloud.
The only modification of commercial air-traffic pat-
terns in Alaska owing to the eruption was the rerout-
ing of flights from Anchorage to Nome and Anchor-
age to Kotzebue on June 27 to avoid the ash-contami-
nated airspace north of Mount Spurr. Several ski-
equipped charter flights used to service climbers on
Mount Denali were canceled on June 27 and 28 be-
canse of ashfall on the Denali snowfields. This situation
improved by June 29 after fresh snow covered the ash.
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On June 29, the pilot of a daytime domestic flight
in Canada reported that he had passed through a 1,000-
ft- (300-m)-thick brownish haze tayer at 28,000 ft (8.5
km) altitude as his aircraft descended into Winnipeg
(T. Spurgeon, Transport Canada, written commun..
1993). Fortunately, the cloud had been strongly di-
luted by the time it entered Canadian airspace and
there were no reports of ashfall or damage to aircraft
in Canada.

AUGUST 18, 1992, ERUPTION

The {irst indication of eruptive activity on Au-
gust (8 was a pilot report received at 3:48 p.m. ADT
(2348 UT) that ash was rising from 1,000 to 2,000 ft
(300-600 m) above Crater Peak. There were no clear
seismic precursors Lo the August eruption, and the erup-
tive activity reported by the pilot was related to weak
tremor that began at 3:41 p.m. ADT (2341 UT) (McNutt
and others, this volume). After several additional pi-
lot reports of this low-level ash column and analysis
of the weak tremor, AVO raised the color code atert
from Green to Yellow at 4:25 p.m. ADT (0025 UT).
At 4:42 p.m. ADT (0042 UT), strong eruption-related
tremor began (0 record on the seismic station closest
to the vent, and at 4:45 p.m. ADT (0045 UT) AVO
telephoned authorities at Anchorage International Air-
post and Elmendorf Air Base to advise them of the
tremor. Authorities at Merrill Field were notified by
AVO through the State of Alaska Department of Emer-
gency Services. Following further increase in tremor
and notification by the National Weather Service that
the Kenai radar had detected an ash column rising
above the volcano to more than 35,000 fi (1] km),
AVO issued an update at 4:48 p.m. ADT (0048 UT)
and declared color code Red.

The maximum column height of 45,000 ft (13.7
km) was detected by radar at 4:55 p.m. ADT (0055
UT) (Rose and others, this volume). The eruption lasted

for more than 3 hours and eruption tremor began to
decline by 8:10 p.m. ADT (0410 UT). AVO lowered
the color code from Red to Orange at 9:30 p.m. ADT
(0530 UT) on August 18, and further reduced the level
to Yellow at 8:30 a.m. ADT (1630 UT) on August 19.
During the August eruption, the NOAA SAB issued
21 bulletins that periodically updated the position of
the ash cloud and included the trajectory forecasts of
cloud position and movement (J. Lynch, NOAA, written
commun., 1993).

The August eruption produced 14 million cubic
meters of tephra (Neal and others, this volume). The
ash column, measured by radar, rose as high as 45,000
ft (13.7 km) in altitude (Rose and others, this vol-
ume), and upper-leve! winds carried the ash eastward
toward Anchorage (table 2). Approximately /16" to
1/8° (1 0 3 mm) of fine sand-size ash fell in the
Anchorage area between 8:20 p.m. ADT (0420 UT)
and 11:00 p.m. ADT (0700 UT); as a result, the three
Anchorage airports were closed for several days (figs.
2. 3) {Casadevall, 1993).

SEPTEMBER 16-17, 1992, ERUPTION

Following the August eruption, AVO maintained
a color code of Yellow because levels of seismic ac-
tivity remained elevated. The update on September 9
drew attention to the first increase in seismic activity
since the August eruption, and the update on Septem-
ber 11 stated that an eruption was possible within the
next few days or weeks. On September 16, the first
phase of a new eruption at 10:36 p.m. ADT (0636
UT) was indicated by increased seismic activity and
by pifot reports from Kenai, Alaska (table 3). AVO
immediately initiated its calldown and in response to
the telephone notification of the eruption from AVO
and pilot reports, the National Weather Service issued
a notice of significanl meteorologica) event (SIGMET)
for the eruption at 10:40 p.m. ADT (0640 UT) (fig-

Table 2. Comparison of the 1992 Mount Spurr volcano eruptions to 1953 Mount Spurr volcano and 1989 Redoubt Voicano eruptions.

[DRE, dense rock equivalent; TOMS, total ozone mapping specurometer; SAB, Synopiic Analysis Branch. NOAA National Environmental Sateltite Data

and Information Service (3. Lynch, written commun., 1993))

Date of eruption Maximum altitude of Tephra volume Sulfur dioxide Traceable gn TOMS Number of SAB  Pilot reports
eruption column (km)  (DRE X 10° m3) (megatons) bulletins Issued
Mount Sporr valcano
June 27, 1992 14.5 12 200460 to 713 19
August 18, 1992 13.7 14 4002120 1o 8/26 21 -
September 7-18, 1992 13.9 15 230+70 10 9221 18 to 9721
Mount Spurr volcano
July 9, 1953 <21.5 (pilot estimate) not available not available nol available none issued
Redoubt Volcano
December 15, 1989 >12 (pilot estimate) not available 175 to LV/I9 22
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Figure 2. Road graders scrape ash from runways at Anchorage International Air-
port on August 19, 1992, Road scrapers could clfectively move the ash only
after it had been sprayed and dampened with water. However, too much water
produced a slurry that could not be moved eflectively. Dampened ash was scraped
into furrows and then scooped up using front-end loaders. Some ash resuspended
in the air would settled back onto runways and plancs, and thus delayed aircraft
cleanup. Phowograph by Erik Hill courtesy of Anchorage Daily News,

Figure 3. Mainlenance crew removing ash from wing of a
Reeve Aleutian Airways Bocing 727-100 atreraft on August
19, 1992, at Anchorage International Airport. Photograph
by Erik Hill courtesy of Anchorage Daily News.

ure 4). AVO increased the color code 10 Red in Lhe
voleano update issued a( 10:45 p.m. ADT (0645 UT).
The most intensc phase of the eruption began shortly
before midnight on September 17 and lasted for about
4 hours. Al 4:00 p.m. ADT (0000 UT) on September
I 7. the color code wis reduced o Orange where it
remained until September 24 when it was further re-
duced to Yellow,

The Septeniber ash cloud was noteworthy in sev-
eral ways. Although, (he volume of magma erupted,
and the basic dimensions of the eruption column and
the ash cloud were similar to the (wo previous erup-
tions (table 2), the cloud traveled as a coherent mass
for 5 days afler the eruption. It remained visible dur-
ing that time 10 ground observers, pilots, and even to
astronauts aboard Space Shutile mission STS 47. The
cloud moved east, passed north of Anchorage and de-
posited about 1/16" (! mm) of ash at Willow, Palmer,
and the along Parks Highway in Alaska. [t continued
across western and south-central Canada, then down
into the central United States by September 19 be-
fore moving back into eastern Canada and castward
over the North Allantic by September 21 (fig. 1)
(Schneider and others, this volume).



Table 3. Pilot reporis (PIREPs) and ground observations of ash-cloud locations for the September 16—17, 1992, eruption of
Mount Spurr volcano, Alaska.

{Numbers refer to reporting sites shown in fig. 5. AK, Alaska, Yk. Tr., Yukon Temitory; Sask, Saskatchewan; Albta.. Alberia; SD, South
Dakota: ND, North Dakota; NE, Nebraska; 1L, (ltinois; 1A, lowa: MN, Miasesota; PA, Pesusylvania; OH, Ohio, Onl.. Ontario: W1,
Wisconsin; NY, New York; Mi, Michigan, Lab., Labrador, N. Brs., New Brunswick; Latitude and longitudes given in degrees and tenths
of deggees. Time given is Universal Coordinated Time (UT). Altitude given in fect above meaa sea level, or for valees greater than
18,000 fi, relative 10 2 barometric pregsure of 29.92 inches Hg. Siagle eatries indicate the base of the cloud: second entry indicates tap of
the cloud. Pilot ceports compiled by NOAA Synoptic Analysis Branch (G. Swanson, NOAA, written commun., 1993) and by Transpon
Canada Aviation (T. Spurgeos. Transport Canada, writlen comynua., 1993))

Nuomber Location Stare/ Province Lat. Long. Date Time Altitude/
Observation
1 Mount Spurr AK 613 1522 W7 0636
Kenai AK 60.62 15¢.19 09/17 0637 ground
observation
2 Kenai AK 60.62 15019 0917 0648 ground
obscrvation
3 Anchorage AK 6115 150.21 09/17 0713
2 Kenai AK 60.62 151,19 09N7 0745 35,000 4,0000
2 Kenai AK 60.62 151.19 on7 0746 ground
observation
2 Kenai AK 60.62 15119 0917 0757
3 Fire [sland AK 61.15 150.20 09/17 0800
2 Kenai AK 60.62 1SL.19 09/17 0804 ground
observation
3 Anchorage AK 61.15 150.21 0oN7 0821 19,000 29,000
3 Aachorage AK 61.18 150.2) 09/17 0835
3 Anchorage AK 61.15 150,214 09/17 0838
3 Anchorage AK 61.15 150.24 N7 0846 10,000
2 Kenai AK 60.62 IS1.(9 09/17 0846 ground
observation
3 Anchorage AK 61.15 150.21( 09747 0853 21,000 37,000
3 Anchorage AK 61.15 150.21 09/17 0900 31,000 32,000
4 Snowshoe Lake AK 62.03 146.68 517 1447 ground
obscrvation
5 Gulkana AK 62.15 145.45 09/17 1449 ground
observation
3 Aachorage AK 64.15 150.2t 05/17 1452 ground
observation
2 Kenai AK 60.62 151.19 09/17 1455
6 Talkeetna AK 62.30 150.10 09/47 1457 ground
obscrvation
{ Mount Spurr AK 613 152.2 09/17 1501 35.000
7 Watson Lake Yk. Tr. 60.07 128.48 09/17 1620 35,000
8 White River Yk. Te. 61.35 139.00 o7 1650
9 Beaver Creek Yk. Tr 62.45 140.62 09/17 1656 groung
observation
10 Lake Laberge Yk. Tr 61.17 135,17 0917 1850 6500
1] Whitehorse Yk Tr. 60.72 135.03 09/17 2012
12 Dawson Yk. Tr. 64.07 139.42 09/17 2141 5,000
13 Carmacks Yk. Tr. 62.10 136.32 05/17 2200 ground
observation
13 Carmacks Yk. Tr. 62.10 136.32 09/t7 2300 9,000
14 Palmer AK 61.59 149.08 09/47 2352 ground
observation
3 Anchorage AK 61.15 150.2t 09/18 0757
15 Fairbanks AK 64.30 148.01 09/18 0757
16 Lumsden Sask. 50.67 104.89 09/18 1250 29,000 38,000
17 Calgary Albta. 5112 113.88 09/18 1430 22.000 25,000
18 Pierre SD 44.40 100.16 09/18 t513 33,000 35,000
19 Swilt Current Sask. 50.30 107.69 09/18 1520 256,000 37,000
18 Pierre SD 44.40 100.16 09/18 1528 33,000 42,000
20 Empress Albia. 50.56 110.01 09/18 1650 33,500
3 Anchorage AK 6L15 150.2) 09/18 (705 sulfur odor
noted 7,500
3 Anchorage AK 61.15 150,21 09/18 1715 sutfar odor
noted 7,500
21 Mino ND 48.26 101.29 05/18 1845 20.000
22 Scottsbluff NE 41.90 103.48 09/18 2110 37,000
20 Empress Albta, 50.56 110.01 09/18 2246 24,000 33,000
23 Notthbrook IL 4222 87.95 09/18 2301 30,000
24 Sioux Falls SD 43.65 96.78 0918 2324 27,000
21 Minot ND 43.26 101.29 09/18 2328 33,000
25 Cedar Rapids 1A 41.89 91.79 09/t8 2334
25 Cedar Rapids 1A 41.89 91.79 09/18 2334 27,000
26 Minneapolis MN 4488 93.2% 09/19 0052 ground

observation
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Table 3. Pilot reports (PIREPs) and ground observations of ash-cloud locations for the September 16-17, 1992, eruption of

Mount Spusr volcano, Alaska—Continued.

Number Location Statef Province Lat Long. Date Time Altitnae/
Observation

27 Eltwood City PA 40.83 80.21 09/19 0116 35.000

28 Dayton OH 39.90 84.22 0%/19 0141 11,000

26 Minneapolis MN 44.88 93.2% 0919 0154 ground
observation

29 Windsor Ont. 4228 82.83 09/t9 0200 27,000

30 Rochester MN 43.78 9260 09/19 0252

26 Minneapolis MN 44 88 9329 09/19 0253 ground
observation

31 Regina Sask. 50.50 104.63 0919 0320 17.300 20,500

26 Minneapolis MN 44 88 93.29 09/19 0354 ground
observation

i Mount Spurr AK 613 1522 09/19 0444 stcam

observed
15,000

32 Milwaukee Wi 4295 87.90 09/19 0653 ground
observation

32 Milwaukee Wi 4295 87.90 09/19 0950 ground
observation

33 Dankirk NY 42.49 79.28 09/19 1220 28,000 33,000

34 Roscwood OH 4029 84.04 09/19 1250 23,000

35 Flint M1 4297 83.74 09/19 1315 28,000

36 Waterville OH 41.45 83.64 09/19 {315 18,000 20,000

a7 Buffalo NY 4293 78.65 09/19 1317 24,000 28,000

38 Dryer OH 41.36 82.16 09/19 1437 18,000 21,000

19 Hayes Center NE 40.45 100.92 09/19 1500 35,000 37.000

38 Dryer OH 41.36 82.16 09/19 1538 (8,000 23,000

40 Slate Run PA 41.51 7797 09/19 1543 21,000

41 Tidowe PA 41N 79.42 09/19 1543 18,000 33,000

42 Clarion PA 41.15 79.45 09/19 (543 18,000 23,000

4] Tidoute PA 41.7¢ 79.42 0919 1543 30,000 33.000

39 Hayes Center NE 40.45 100.92 WMo 1543 31,500 37,600

43 McCook NE 40.20 100.59 09/19 1553 28.000 33.000

44 Ottawa Ont. 45.42 75.70 09/20 0123 19,000 23.000

45 S. Labrador Lab. 52.90 62.33 05/20 2025 35,000

46 London Ont. 4298 81.25 0920 2230 35,000 37,000

47 Saint John N.Brs. 45.27 66.07 09721 1123 30,000 35.000

48 Digby Nova Scotia 44.55 66.79 09721 1825 25,000

¥ repont reccived al 2125 UT noting time of observatiou was 2200 UT.

COMMUNICATIONS ABOUT CLOUD
MOVEMENT

Pilot reports and ground observations played a
critical role in the tracking of the ash cloud from the
September 16—17 eruption (table 3; fig. 5). The ear-
tiest aliitude estimate of 15,000 ft (4.6 km) for the
top of the main eruptive column was made by a pilot
and was received at 0637 UT (tabie 3). A pilot report
received at 0821 UT estimated the top of the erup-
tion column at between 19,000 and 29,000 ft (5.8-
8.8 km); this report corroborated the initial estimates
of cloud tops at 28,000 ft (8.5 km). as determined
from C-band radar at Kenai, Alaska (Rose and oth-
ers, this volume). The ash cloud was tracked using
images from the geostationary GOES satellite, images
from the TOMS (Bluth and others, this volume), and
from the AVHRR (Schneider and others, (his volume)
detectors aboard polar-orbiting satellites. Pilot reports
(table 3; fig. 5), radiosonde analysis, and forecast upper-
level wind data were incorporated from the beginning

of the eruption to indicate where the cloud would move
(Heffter and Stunder, 1993). These observations were
summarized in 18 volcanic hazard alert bulletins is-
sued for the aviation community by NOAA’s SAB
{J. Lynch, NOAA, written commun., 1993). In addi-
tion to written descriptions of the ash cloud, these
bulletins contained graphical information showing the
location of the ash cloud.

For pilots in the air as well as those preparing
for flight, the more succinct SIGMETs were the prin-
cipal form of information about the ash cloud. These
SIGMETs are in an abbreviated text format (fig. 4)
and are derived from information in pilot reports, from
AVO, from the volcano hazard alert bulletins, and from
satellite images. For the September eruption of Cra-
ter Peak, the SIGMETs provide a rich source of data
about the movement of the ash cloud. The initial
SIGMET, ALFA L, (fig. 4) was issued from Anchor-
age at 0648 UT on September 16, 12 minutes after
the initial eruptive phase and 3 minutes after the AVO
color code was changed to Red. That AVO was listed



19. EFFECTS ON AIRPORTS AND AVIATION IN UNITED STATES AND CANADA 213

WSPN1 PANC 170649
ANCA WS 170648

WSPN1 PANC 170716
ANCA WS 170716 COR

WSPN1 PANC 170844
ANCA WS 170841

WSPN1 PANC 171225
ANCA WS 171223

PAZA SIGMET ALFA 1 VALID 160640/161040 PANC-

ALASKA VOLCANQ OBSERVATORY RPTS THAT MT SPURR VOLCANO AT
61.9N LAT/152.2 LONG HAS ERUPTED AT 1036Z.

TOPS INFORMATION NOT YET AVAILABLE. ANY ASH PLUME WL MOV NE-E.
A FOLLOW UP SIGMET TO BE ISSUED ASAP. NC.

PAZA SIGMET ALFA 1 VALID 160640/161040 PANC-

ALASKA VOLCANO OBSERVATORY RPTS THAT MT SPURR VOLCANO AT
61.3N LAT/152.2 W LONG HAS ERUPTED AT 0836Z.

TOPS INFORMATION NOT YET AVAILABLE. ANY ASH PLUME WL MOVE NE-E.
A FOLLOW UP SIGMET TC BE ISSUED ASAP. NC.

PAZA SIGMET ALFA 2 VALID 160840/161240 PANC-

ALASKA VOLCANO OBSERVATORY RPTS THAT MT SPURR VOLCANO AT

61.3N LAT/152.2 W LONG ERUPTED AT 0636Z AND 0804Z. THE 08042

ERUPTION WAS MUCH STONGER WITH AN ASH PLUME TO AT LEAST FL400
CONFIRMED BY WEATHER RADAR RHI. WINDS WL MOVE THE ASH TO THE ENE
THEN E. THUS VOLCANIC ASH IS PSBL BLW FL450 W1 S0NM EITHER SIDE OF

A LN FM MT SPUR (61.3N 152.2W) TO ORT. INCRG.

PAZA SIGMET ALFA 3 VALID 161240/161640 PANC-

AN ERUPTION OF MT SPURR VOLCANO AT 61.3N LAT/152.2 W LONG CONTINUED
FM 0804Z TILL NEARLY 1100Z WITH WEATHER RADAR INDICATING ASH TO FL 450
THRU THE PO. WINDS WL CONT TO MOVE THE ASH TO THE ENE THEN E.

VOLCANIC ASH IS PSBL BLW FL450 W 60NM EITHER SIDE OF A LN
FM MT SPUR (61.3N 152.2W) TO GKN TO 62.0N 140.8W WITH THE MAX
CONGCENTRATION XPCTO FM FL200-FL350. NC,

Figure 4. Notices of significant meteorological conditions (SIGMETS) issued by Anchorage
National Weather Service Office for the September 16-17, 1992, eruption of Mount Spurr
volcano, Alaska. Official record compiled by Naiional Climatic Data Center, Asheville, North

Carolina.

as the source of the information for the eruption in-
dicates the good coordination between AVO and the
National Weather Service during the eruption. No cloud-
top information was given because the initial phase
was nol observed on radar. An error in the start time
of eruption was corrected by reissuing SIGMET ALFA
1 at 0716 UT.

SIGMET ALFA 2 was issued a¢ 0841 UT, 38
minutes after the onset of the main eruptive phase at
0803 UT (fig. 4), and it stayed in effect for the re-
mainder of the eruption. Based on reports from the
Kenai radar, SIGMET ALFA 2 informed pilots that

the top of the ash cloud had reached 45,000 feet.
This SIGMET also contained a forecaslt of a 180-
nautical-mile-wide track for the ash cloud based
on the volcanic ash forecast model (Heffter and
Stunder, 1993).

The first notification to pilots of the eruption's
end at 1100 UT came from SIGMET ALFA 3 (fig.
4), issued at 1223 UT on September 16. All volcano
SIGMET notices from Anchorage were canceled by
a SIGMET issued at 0449 UT on September 18, stat-
tng that the last reported ash cloud sighting in Alaska
was at 2200 UT on September 17.
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Figure 5. Positions of aircraft reporting visual observations of the September eruption cloud from Mount Spurr volcano,
Alaska, as il traveled across North America. Numbers refer to localions of reporting sites listed in table 3. List compiled from
data provided by G. Swanson (NOAA Synoptic Analysis Branch, written commun.. 1993) and T. Spurgeon (T. Spurgeon,

Transport Canada, written commun., 1993),

Satellite tracking of the cloud in Alaska and in
the Yukon Territories was assisted by 24 reports from
pilots and ground observers (table 3). At 0400 UT on
September 18, after the cloud had been tracked into
northwestern Alberta on satellite images, it became
obscured by cirrus ciouds (G. Swanson, NOAA, writ-
ten commun., }993). The next pilot sightings of the

cloud were from Lumsden, Saskatchewan, and Calgary,
Alberta, at 1250 UT and 1430 UT on September 18.
These reports were followed by observations of the
cloud from several sites in South Dakota (table 3; fig.
3). This information was communicated to pilots
through a series of SIGMETs issued from Canada and
from the conterminous United States.
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Eleven SIGMETs were issued by Canadian au-
thorities starting at 1500 UT on Sepiember 17 for broad
areas of British Columbia, Yukon Territories, Albheria,
and Saskatchewan; these SIGMETs were hased on com-
puter model predictions for September 17 and 18, These
SIGMETs stated that the ash cloud had weakened con-
siderably, but they still advised caution. The Lumsden,
Saskatchewan, pilot report (table 3) was issued as part
of a SIGMET message from Edmonton at 1401 UT
on September 18th, a gap of 14 hours from the last
pilol report of a visual sighting at 0007 UT.

SIGMET XRAY i. issucd at {445 UT on Sep-
tember 18 from both Salt Lake City and Chicago, was
the first SIGMET issued in the conterminous United
States, and was based on analysis of satellite imag-
ery. This SIGMET was followed by SIGMET XRAY 2
issued at 1355 UT that was busced on pilot reports
over South Dakota that had been received at 1544 UT.

Twenty-five pilot reports of the cloud were re-
corded in the conterminous United States for September
18 and 19 (table 3), prior 1o the receipt of the first
aotification al the Cleveland Air Traffic Control Cen-
ter at 1000 UT on Saturday Seplember 9 (Howell.
1993). Fourteen additional pilot reports were recorded
on September 19. including three from northeastern
Nebraska. Additional pilol reports of the ash cloud
continued through September 21 (table 3). The pilol
reports agrec well with sate{lite observanons ol ash
cloud movement and validate the forecasts of cloud
trajectory (Hefflter and Stunder, 1993).

COHERENCY OF THE SEPTEMBER CLOUD

The remarkable coherency of the September ash
cloud apparently resulted from meteorological condi-
tions that persisted for several days after the eruption
and which prevented the diffusion and dilution of the
cloud, The ash cloud was injected into dense cirros-
tratus and altostratus clouds associated with a surface
low-pressure system centered over Lthe eastern Bering
Sea. At the time of the eruption, the crest of an up-
per-level ridge was located at approximately 33.000
ft (10 km) over Mount Spurr. Winds a( this level cai-
ricd the ash east and northeast of the volcano (D.
Helms, NASA, written commun., 1993),

GOES-7 satelhite images showed the ash cloud
as it passed beyond the layer of cirrostratus clouds
over eastern Alaska and moved southeast in the po-
lar-front jet stream loward Canada. Piltol reports docu-
mented the reappearance of the ash cloud during the
morning of September 18 at about 1500 UT (figs. 5,
6; table 3). At that time, the c¢loud was observed form-
ing one or more layers between 29,000 and 45.000 ti
(8.8-13.7 km) in the area between western Saskatch-
ewan and Lake Superior where an intensilying low
pressure system was located.

On September 19, the ash cloud arrived in the
airspace belween the Greal Lakes and the Mississippi
Valley. trapped in the boundary of the polar jet stream.
The Jow-pressure svalem that was located over Lake
Supcrior on September 18 had moved northeast io-

Figure 6. Image from GOES-7 satellite at dawn of September 10,
1992 (1200 UT) showing ash cloud from Mount Spurr volcano. Alas-
ka. Cloud extends from castern Michigan northeastward into the Ca-
nadian Maritime provinces.
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ward Hudson Bay, Canada, and developed into a fully
occluded system by September 19. During September
19, the ash cloud moved northeast over the St. Law-
rence Seaway and ash particles were apparently con-
centrated because of the confluent nature of the up-
per-air flow (D. Helms, NASA, written commun.,
1993). Through September 21, the cioud continued to
move as a coherent mass visible on GOES-7 images
as well as on AVHRR tmages (Schneider and others.
this volume). Occasional pilot reports described the
cloud over eastern Canada and even over the North
Atlantic region (table 3; fig. 5).

EFFECTS ON AVIATION OPERATIONS

All three of the 1992 eruptions of Mount Spurr’s
Crater Peak vent temporarily disrupted air traffic over
Alaska and western Canada. The ashfall from the Au-
gust 18 eruption caused the temporary closing of the
three Anchorage airports. The ash cioud from the Sep-
tember 16~17 eruption disrupted air traffic routing
around the volcano, and several days later also dis-
rupted traffic in the congested air corridors of the cen-
tral United States, especially in the airspace managed
by the Cleveland Air Traffic Center (ATC) (Howell,
1993).

AUGUST 18 ERUPTION
AND ANCHORAGE AVIATION OPERATIONS

The August 18 eruption deposited approximately
1/16" to 1/8" (1 to 3 mm) of ash in the Anchorage
area and resulted in the closing of the three Anchor-
age airports for several days. The recovery of An-
chorage flight operations from the August 18 erup-
tion required that time and money be spent to remove
and ctean ash from airport facilities and airplanes. The
removal of ash from airport facilities and surfaces re-
quired a response effort similar to that used for snow
removal. Details of the ash-removal operations at the
Anchorage airports are reported in Casadevall (1993).
In addition to costs associated with ash removal, the
cancellation of flights resulted in the loss of revenue
to both air carriers and the airport authority.

We tried (o establish figures for the costs asso-
ciated with the August 18 ashfail as one means to
evaluate the potential benefits derived from monitor-
ing and surveillance of the volcano as well as mit-
gation efforts. We report the costs associated with clean-
ing of the three Anchorage airports to return them to
operational status, the costs associated with protect-
ing and cleaning the planes on the ground, and the

Ccosts to the air carriers of passenger revenue lost owing
to cancellation of flights. Airport officials kepl records
of the costs associated with the cleanup of buildings
and runway and taxiway surfaces at the three Anchorage
airports (fig. 2). These costs related largely to em-
ployee compensation and minot costs for filters, spare
parts, and maintenance of equipment used for cleanup
activities and totaled approximately $653,000. (L.
Michou, Anchorage International Airport, in Casadevall,
1993).

Due to the lack of hanger space, about 30 pas-
senger and cargo aircraft were caught unprotected on
the ground at Anchorage International Airport and at
Elmendorf. Prior to the ashfall, efforts were made to
cover and protect these aircraft, and following the
ashfall, the aircraft had to be cleaned (fig. 3) and in-
spected before they were returned (o service. For wide-
body jets, one manufacturer recommends a total of
30 person hours for preparing an airplane for ashfall
(Casadevall, 1993). If a comparable time is spent clean-
ing an aircraft, the total time spent is approximately
60 person hours, which at a labor rate of $2¢ per
hour computes to a cost of approximately $1,200 per
wide-body airplane. For smaller passenger and cargo
jets, we estimate approximately $900 per airplane.
Labor costs for protecting and cleaning the 20 wide-
body and 10 smaller aircraft caught on the ground
are estimated to total $33.000.

The August t8 eruption and ensving ash cloud
caused cancellation of more than 100 domestic and
inlernational flights. Unfortunately, we have not been
able to recover actual values associated with canceled
operations such as the loss of {anding fees, fuel-flowage
fees, and concession fees. To estimate the revenue lost
from these cancellations, we adopted the approach that
was developed by Tuck and Huskey (1992) in an analy-
sis of revenue loss attributable to the Redoubt Vol-
cano eruption. In the Redoubt analysis, Tuck and
Huskey (i1992) calculated the value of $46.03 per pas-
senger for net revenues lost to the carriers through
flight cancellation. Applying this value to the Mount
Spurr situation, using an average of 2,000 passengers
per day for the summer tourist season, times 3 days
of lost revenue, yields an estimated revenue loss of
$276,000.

These costs are probably 2 conservative measure
of several costs associated with disruptions to avia-

-tion operations due to the August {8 eruption. We have

not included costs associated with loss of cargo ser-
vice, loss of transjt of intcrnational passengers, and
loss of landing fees, fuel flowage fees, and conces-
sion fees, Secondary or indirect costs associated with
the disruption, such as loss of revenues from car rentals,
hotels, and meals were not considered.
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SEPTEMBER 16-17, 1992, ERUPTION
AND AIR TRAFFIC IN THE CLEVELAND AREA

Ash from the September 16-17 eruption caused
a major disturbance on September 19 to air traffic
managed by the Cleveland Air Traffic Center (ATC)
(Howel), 1993). This center is responsible for en-route
operations in an area bounded by Saginaw, Michigan;
Syracuse, New York; Eikins, West Virginia: and Fort
Wayne, Indiana. This airspace includes the major ter-
minal aceas of Detroit, Cleveland, and Pittsburgh.

The first report of a volcanic ash cloud was re-
ceived at Cleveland Center on September 19, 1992 at
1000 UT (6:00 a.m EDT) as a SIGMET from the Na-
tional Weather Service. The ash cloud was reported
to extend from Milwaukee, Wisconsin to Sherbrooke,
Quebec, a distance of 710 nautical miles (1,320 km),
at an altitude of 30,000 ft (9.1 km) (figs. 5, 6). Sub-

sequent pilot reports through September 19 track the
ash cloud moving steadily to the southeast. The last
position reported for the cloud was over the Johnstown,
Pennsylvania, area at about 1600 UT (table 3). The
altitude of the cloud from pilol reports varied from
18,000 ft to 33,000 ft (5.5 to 10 km) and higher.
Because the precise altitude of (he top of the
ash cloud was not well known, aircraft reporting to
the Cleveland center elected to descend below the cloud
rather than to climb and fly over the cloud. When en-
route aircraft were forced to descend betlow the base
of thc ash ctoud atL 18,000 ft (5.5 km), they entered
the low-altitude sectors designed for managing the flow
of arriving and departing aircraft. With this influx of
aircraft from the high-altitude sectors, the low-afti-
tude sectors quickly became saturated with air traffic
(fig. 7). This influx caused numerous delays of as much
as 30 minutes for aircraft departing terminals under
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Figure 7. Schematic diagram of airspace around Cleveland Area Traffic Control Center, September 19, 1992 (1317
UT) showing compression of air routes as a result of the southward incursion of the Mount Spurr ash cloud (adapied
from Howell, 1993). Dark shaded area shows outlines of Great Lakes. Light shaded area shows extent of ash cloud
as interpreted from satellite imagery. Principal air rouwtes are shown with heavy black line; arrows indicate direction
of movement; line thickness indicates relative loads along the routes. DTW = Detroit; CLE = Cleveland; PIT =

Pittsburgh; DCA = Washington/Dulles.
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the coutrol of the Cleveland ATC. As the ash cloud
continued eastward, more pifots requested changes to
their flight plans and additional disruptions to normal
air-traffic flow took place. Air traffic operations in the
airspace controlled by the Cleveland ATC returned to
norma} by 2300 UT on September 19 (Howel}, 1993).

DISCUSSION

The three ash clouds produced by the Crater Peak
vent of Mount Spurr in 1992 were each comparable
in size and volume. The effects each cloud had on
aviation operations were largely determined by wind
dispersal patterns. The June eruption cloud had rela-
tively little effect on air traffic because the southerly
winds moved the cloud norsth away from busy air routes.
The August eruption affected Anchorage airports be-
cause the west winds carried the ash into the Anchor-
age area. The September ash cloud affected the busi-
est en-route region in Nofth America. Fortunately, by
the time of the third eruption, the hazard notification
system between the ground and air observers in and
around Alaska had been used several times and was
working efficiently (R. Hutcheon, NOAA, oral commun.,
1993). However, in the conterminous United States,
where the September ash cloud had not been expected,
the air-traffic control system was forced to adjust to
the cloud with additional disruption to service. Con-
cerns about the safety aspects of this unique cloud,
including its age and far-traveled nature, prompted the
FAA to convene a special workshop on volcanic ash
clouds held in April 1993 (Federal Aviation Adminis-
tration, 1993b).

The eruption in September was distinctive be-
cause the meteorological conditions kept the ash cloud
intact and visible to pilots along major air routes for
about 100 hours after the eruption (table 3). The Sep-
tember cloud affected the ajr-traffic system of the con-
terminous United States as it passed through the heavily
traveled north-central air corridor. However, no me-
chanical problems were recorded and the Cleveland
ATC responded in an exemplary way to this major
distortion of air routes. Flight delays were the only
consequence of the September eruption.

The lack of damaging encounters between air-
cralt and ash clouds (rom the 1992 Crater Peak erup-
tions underscores the recent improvements in the ways
that volcanic hazards are being addressed by person-
nel concerned with aviation operations. Many of the
improvements in the hazard warning operations came
following the 1989-90 Redoubt eruptions from national
and international efforts (Casadevall, 1992, 1994a;
ICAO, 1992; Casadevall and Oliveira, 1993; Hickson,

1984) to address the problem of aircrafi encounters
with voicanic ash. Specific advances include improved
monitoring of Cook Inlet volcanoes by the Alaska Vol-
cano Observatory (AVO, 1993); improved monitoring
of meteorological conditions in the Cook Inlet region
by the Nationat Weather Service (Hufford, 1994); in-
creased awarencss and reporting of ash clouds by pi-
lots (Fox, 1994); and refinement and utilization of com-
puter-based forecasting of ash cloud trajectories and
particle distribution (Heffter and others, 1990. Heffter
and Stunder. 1993; Ellis and others, 1993; Tanaka,
1994).

Since the Redoubt eruptions, the Anchorage of-
fice of the National Weather Service has improved
its ability to detect and track ash clouds (Hufford,
1994). These improvements include the installatjion in
1992 of a portable C-band radar on the Kenai Penin-
sula, which provided immediate detection of the Mount
Spurr eruption cotumns (Rose and others, this vol-
ume). Installation of a NEXRAD (WSR-88D) weather
radar system (Klazura and Imy, 1993) at Kenai in Janu-
ary 1994, offers several technical advances over con-
ventional C-band weather radar and should enhance
the ability to detect the onset of an ash-producing erup-
tion from Cook Inlet volcanoes, the height of the erup-
tion column, angd the initial movement of the ash cloud
away from the volcano. A newly installed wind profiler
at Kenai combined with conventional radiosonde data
and with wind data from aircraft overflying the area
provide improved wind data for trajectory forecast
models. Finally, the satellite downlink capabilities and
digital-image processing have been upgraded both at
the Anchorape National Weather Service office (Huf-
ford, 1994) and at the University of Alaska in Fairbanks
(Dean and Whiting, 1994) for operational application
to detect and track ash clouds.

Morcover, the communication of information and
warnings among agencies concerned with aviation
safety has improved significantly since the 198%-90
eruptions of Redoubt Volcano (Casadevali and oth-
ers, 1992; FAA, {993a). In particular, the AVO vol-
cano updates and color code and the volcano hazard
bulletins issued by the SAB have been developed and
tailored to the requirements of the aviation commu-
nity in terms of timelipess and message content. In
addition, agencies in Alaska have established inter-
agency procedures and operational plans that specifi-
cally address the needs of the Alaskan theater of avia-
tion operations (Alaska Interagency Operating Plan,
1993). Recent improvements have also been made in
communications between remote field stations and avia-
tton operations in Russia and Alaska (Miller and
Kicianov, 1993) in a continuing effort to improve air
safety in the North Pacific region.
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Future research to mitigate ash-cloud hazards
should include testing of the NEXRAD radar for de-
tecting angd tracking ash clouds, validation of remote-
sensing data such as AVHRR and TOMS data, and
validation of trajectory forecast models. This research
would benefit from in-situ study of ash clouds, in-
cluding use of unmanned vehicles to sample ash clouds
(Riehle and others, 1994). More attention must be given
to improve seismic monitoring of volcanoes in remote
areas. Field studies are also needed to evaluate the
explosivity of volcanoes, especially in remote regions
such as the Kurile-Kamchatka-Aleutian volcanic arc,
which parallels some of the world’s busiest air routes.

SUMMARY

Ash cloouds produced by the three eruptions of
Mount Spurr’s Crater Peak vent were comparable in
size and volume to the ash clouds from the Decem-
ber 1989 eruptions of Redoubt Volcano (table 2), which
damaged five commercial jets. Fortunately, the 1992
Crater.Peak eruptions caused no damage to aircrafi
en-route. Like several of the Redoubt eruption clouds,
the three Mount Spurr clouds also cntered Canadian
airspace. Two of the clouds entered airspace over the
conterminous United States and significantly disrupted
the ftow of atr traffic. This frequent tncursion of ash
clouds from eruptions of Cook Inlet volcanoes into
Canadian and conterminous U.S. airspace highlights
the need for timely communications about the threat
to aviation safety from drifting ash clouds. In response
to these events, U.S. and Canadian meteorologists,
volcanologists, and aviation officials continue to de-
velap procedures to provide timely warnings and ad-
visories to pilots about drifting clouds of volcanic ash.
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APPENDIX

CLOCK TIME CONVERSION TABLE

ALASKA ALASKA DAYLIGHT UNIVERSAL
STANDARD TIME (AST) TIME (ADT) TIME (UTC)
{UTC-9 hours) (UTC-8 hours)
3:00p.m. 4:00p.m. 00:00
4:00 5:00 01:00
5:00 6:00 02:00
6:00 7:00 03:00
7:00 8:00 04:00
8:00 %:00 05:00
9:00 10:00 06:00
10:00 11:00 07:00
11:00 12:00 m 08:00
12:00m 1:00 a.m, (09:00
[:00a.m. 2:00 10:00
2:.00 3:00 11:00
3:.00 4:00 12:00
4:00 5:00 13:00
5:00 6:00 14:00
6:00 7:00 15:00
7:00 8:00 16:00
8:00 9:00 17:00
9:00 10:00 18:00
10:00 11:00 19:00
11:00 12:00p.m. 20:00
12:00 p.m. 1:00 21:00
1:00 2:00 22:00
2:00 3:.00 23:00

3:00 4:00 00:00
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