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Because of the preliminary nature of some of the work reported in this volume, two infor-
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long ridge trending north-south, immediately west of Spirit Lake.

Any use of trade names is for descriptive purposes only and does not imply endorsement by
the U.S. Geological Survey.



DEDICATION

David Johnston, 30-year-old volcanologist with the
U.S. Geological Survey, was swept away by the ca-
tastrophic eruption of Mount St. Helens on the morn-
ing of May 18, 1980. As one of the first members of
the U.S. Geological Survey monitoring team to arrive
at Mount St. Helens and the scientist in charge of vol-
canic-gas studies, Dave spent long hours working on
and close to the mountain. Ironically, he was caught
at an observation post that was considered relatively
safe. From his experience with active Alaskan volcan-
oes, Dave understood better than most the hazards of
explosive volcanism. At the same time, he repeatedly
voiced the conviction that adequate hazard
assessments require accepting the dangers of on-site
monitoring of active volcanic .processes. The
volcano-monitoring effort of which Dave was part
helped persuade the authorities first to limit access to
the area around the volcano, and then to resist heavy
pressure to reopen it, thereby holding the May 18
death toll to a few tens instead of thousands.

Born and raised in Illinois, Dave Johnston was
graduated in 1971 from the University of Illinois, Ur-
bana, with “Highest Honors and Distinction” in geol-
ogy. His strong interest in volcanism began with his
first geologic project studying Precambrian volcanic
rocks in the Upper Peninsula of Michigan. This in-
terest in volcanic phenomena intensified with subse-
quent work in the San Juan volcanic field of south-
western Colorado and on Augustine Volcano in
lower Cook Inlet, Alaska. The Augustine study was
the basis for his doctoral dissertation, completed in
1978 at the University of Washington, Seattle.

Following his Ph.D., Dave increasingly focused on
the fundamental role of volatiles in volcanic proc-
esses, as he continued his studies on Augustine and
began work on Katmai Volcano, Alaska. His work on
volcanic gases brought him in 1978 to the U.S. Geo-
logical Survey, where he was assigned to expand the
program for monitoring volcanic emissions in Alaska
and the Cascade Range. A specific objective of such
monitoring is to test whether or not changes in gas
geochemistry might provide precursory clues of im-
pending eruptive activity. Thus, it was natural that,
when Mount St. Helens reawakened in March 1980,
Dave Johnston was one of the first geologists on the
volcano.

DAVID A. JOHNSTON, 1949-1980

Dave Johnston was an exemplary scientist, and his
approach to his work was a model for all: dedicated
and hardworking, with meticulous organization and
observation followed by careful evaluation and inter-
pretation. At the same time, Dave was unaffectedly
genuine, with an infectious curiosity and enthusiasm.
But perhaps his most essential quality was the ability
to dissipate cynicism; he looked for, saw, and thereby
encouraged the best in all of us. Dave would have ex-
pected us to carry on without him, learning all we
could from the Mount St. Helens catastrophe. In that
spirit this volume is dedicated to his memory.
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FOREWORD

The reawakening of Mount St. Helens volcano in
March 1980, and its catastrophic eruption of May 18,
surely will rank among the most significant geologic
events in the United States in the 20th century. The
debris avalanche, explosive eruption, and associated
mudflows and floods resulted in the loss of about
60 lives—including our own David Johnston—and
property damage and destruction totaling billions of
dollars. We in the U.S. Geological Survey are proud
of the role we played in helping to minimize these
losses.

By its Organic Act of 1879, the Geological Survey
was charged with “classification of the public lands,
and examination of the geological structure, mineral
resources, and products of the national domain* * *.”
Under that charge, volcanoes and volcanic processes—
ancient and contemporary—have been studied to ad-
vance the knowledge of the geology in our country.
Within the last several decades, attention has been
directed increasingly toward assessment of the risks to
life and property posed by geologic hazards, including
volcanic eruptions, earthquakes, and ground failures.
The passage of the Disaster Relief Act of 1974
(P.L.93-288) led to the responsibility of the Geological
Survey “to provide technical assistance to State and
local governments to ensure that timely and effective
disaster warning is provided” for all geologic hazards.

Earth scientists can contribute to the reduction of
geologic hazards through improvement in the basic
understanding of the phenomena involved—by
(1) describing the nature and geographic distribution
of possible effects and (2) developing a capability to
predict hazardous events. Fortunately, Dwight
Crandell, Donal Mullineaux, and their colleagues had
spent nearly 20 years studying the eruptive histories
and associated volcanic hazards of the Cascade vol-
canoes. From their research, they concluded that
Mount St. Helens was the youngest and most active
of the Cascade volcanoes. Indeed as early as 1975, in
a paper published in Science, which was later ex-
panded with additional information into U.S. Geo-
logical Survey Bulletin 1381-C published in 1978,
Crandell, Mullineaux, and colleagues predicted that
Mount St. Helens, the most active and most ex-
plosive Cascade volcano, would erupt again, “per-
haps before the end of this century.” This prediction,
of course, has come true. Equally important, the
descriptions and locations of the potential hazards as-

sociated with an eruption proved accurate, with few
exceptions.

The volcanic hazards assessment by Crandell and
Mullineaux provided a key element in reducing
hazards to life and property. Another key element
was the development—in cooperation with the Uni-
versity of Washington—of a seismograph network
and the capability for analysis of local earthquake ac-
tivity. A week of premonitory earthquake activity
under Mount St. Helens sounded the earliest warning
of the eruptive sequence that began on March 27.

How will Mount St. Helens behave in the coming
months or years? Which other Cascade volcano
might erupt next? When will it occur and what might
be the effects? These are questions that earth scientists
cannot yet answer with precision, but current studies
on Mount St. Helens and other Cascade volcanoes
may provide clues to the answers. In 1981, the U.S.
Geological Survey established a facility in Van-
couver, Washington, to serve as a field headquarters
for monitoring and investigations of Mount
St. Helens as well as other Cascade volcanoes.

Science advances by careful documentation and in-
terpretation of observations, formulation of hypothe-
ses, and the testing of interpretations and hypotheses
by new observations and experiment. The reports in
this volume represent a vital part of the scientific
process. Earth scientists—and we in the Geological
Survey in particular—have a responsibility to docu-
ment and understand the current eruptive activity at
Mount St. Helens in as much detail as possible. We
are embarking on an exciting epoch in volcanology,
during which we can anticipate major advances in
deciphering the early warning signals of stirring dor-
mant volcanoes and in understanding the fundamen-
tal mechanisms of volcanism. This tremendous scien-
tific opportunity and challenge must be matched with
commensurate, increased obligation to apply the
research results for the mitigation of volcanic hazards
and related ecologic and socio-economic impacts.

The lessons of Mount St. Helens must not—and
will not—Dbe forgotten.

Dallas L. Peck

Director,
U.S. Geological Survey






PREFACE

The 1980 eruptions of Mount St. Helens, although
neither the most voluminous nor the greatest in
released energy among recent eruptions, are unusual
among historic worldwide volcanic activity, in hav-
ing occurred close to a major industrialized urban
area. Mount St. Helens in 1980 was therefore remark-
able for a high degree of national attention, public in-
terest, and social and physical disruption. In addi-
tion, exceptional opportunities were presented for
scientific observation of infrequently occurring vol-
canic processes.

When renewed activity was heralded on March 20,
1980, by the first strong earthquake at shallow depth
beneath the volcano, it was felt on. site and also
recorded instrumentally by a joint University of
Washington-USGS group in Seattle who had seis-
mometers in operation near the volcano as a part of
studies of potential geothermal resources. Within the
next 2 days, the unusual character of the seismic ac-
tivity became clear, and more instruments were set
out. A striking increase in earthquakes emphasized
the likelihood of an eruption, and warning was given
to Federal and State authorities responsible for the
land surrounding the volcano.

With the advice of USGS scientists who had been
evaluating volcanic hazards of the Casade Range, ac-
cess to the volcano and adjacent areas was restricted
on March 26. A center was established at the U.S.
Forest Service headquarters in Vancouver, Wash., for
hazards evaluation, monitoring activity, coordina-
tion of activities of the agencies involved, and press
briefings and public information.

On March 27, hydrothermal explosive activity be-
gan at the summit of Mount St. Helens, accompanied
by formation of a small crater, ground fracturing,
and beginning of a topographic bulge on the upper
north flank of the volcano. Strong seismic activity
and relatively mild steam-blast eruptions continued
intermittently into mid-May. During that time, the
new crater gradually enlarged and the north-flank
bulge became visually conspicuous. At the same time,
the USGS was developing’ an extensive program of
geophysical monitoring and volcanic hazards analy-
sis; especially helpful was the ability to bring in
equipment, staff, and experienced former staff from

the Survey’s Hawaiian Volcano Observatory on short
notice. The continued high rate of seismic energy re-
lease, intermittent steam-blast eruptions, and remark-
able ground deformation all pointed toward the pos-
sibility of a significant volcanic event in the near
future; these factors also helped provide justification
for Federal and State authorities to continue to limit
access to areas near the volcano, despite heavy
pressure to relax restrictions. Monitoring techniques
were developed that, it was hoped, could provide a
short-term warning of any major impending erup-
tion, but the catastrophic eruption on the morning of
May 18 commenced without any additional precur-
sory signs that were recognized either in advance or
by hindsight.

After May 18, studies began on the deposits and
effects of the eruption: the debris avalanche that
formed by landsliding of the bulge on the north flank,
the northward-directed volcanic blast triggered by
the massive landslide, mudflows generated by melting
of snow and ice, and the pumiceous pyroclastic flows
and extensive ash falls. Updated assessments of the
status of the volcano and potential hazards received
constant attention. Continued monitoring generally
provided warnings a few days to a few hours before
additional pyroclastic eruptions on May 25, June 12,
July 22, August 7, and October 16-18, and before
lava domes were emplaced or enlarged in June,
August, October, and December.

This report summarizes early results of wide-ranging
studies of the volcanic activity and eruptive products
at Mount St. Helens in 1980 by the USGS, including
some contributions by other participating govern-
ment, university, and industry scientists. The papers
collected here were mostly written in October and
November, 1980, with some revisions and updating as
late as January 1981. They accordingly constitute in-
itial, in part preliminary, reports and interpretations of
the 1980 activity; time constraints on publication have
precluded full analysis and interpetation of some data,
especially those related to the later events of 1980.
More detailed discussions of some aspects of the
volcanic activity summarized here can be expected in
the future.

Peter W. Lipman
Donal R. Mullineaux, Editors

xi






VOLCANIC EVENTS

GEOPHYSICAL MONITORING
Seismic studies

Deformation studies

Gas studies

CONTENTS

The eruptive history of Mount St. Helens. D. R. Mullineaux and D. R. Crandell ... 3
Chronology of the 1980 eruptive activity.

R. L. Christiansen and D. W. Peterson ..., 17
Oblique aerial photography, March-October 1980.

R. M. Krimmel and Austin Post ............ ... i, 31
Summary of eyewitness accounts of the May 18 eruption.

]. G. Rosenbaumand R. B. Waitt, Jr. ........ ... .. . . . i 53
Time scale for the first moments of the May 18 eruption. Barry Voight ........... 69
Locations, magnitudes, and statistics of the March 20-May 18 earthquake sequence.
E. T. Endo, 5. D. Malone, L. L. Noson, and C. S. Weaver . .................... 93
Post-May 18 seismicity: volcanic and tectonic implications.

C. 5. Weaver, W. C. Grant, S. D. Malone, andE. T.Endo ................... 109
Topographic and structural changes, March-July 1980—photogrammetric data.

J. G.Mooreand W. C. Albee ............ ..o ... 123
Topographic changes at Mount St. Helens: large-scale photogrammetry and digital
terrain models. Raymond Jordan and H. H. Kieffer ....... e 135
Bulging of the north flank before the May 18 eruption—geodetic data.

P. W. Lipman, ]. G. Moore, and D. A. Swanson ............................ 143
Geodetic monitoring after the May 18 eruption. D. A. Swanson, P. W. Lipman,
J. G. Moore, C. C. Heliker, and K. M. Yamashita ........................... 157
Summary of electronic tilt studies at Mount St. Helens.

John Dvorak, A. T. Okamura, Carl Mortensen, and M. ]. S. Johnston ......... 169

Temporal gravity variations at Mount St. Helens, March-May 1980.
R. C. Jachens, D. R. Spydell, G. S. Pitts, Daniel Dzurisin, and C. W. Roberts ... 175

Volcanomagnetic observations during eruptions, May-August 1980.
M. ]. S. Johnston, R. ]J. Mueller, and John Dvorak . .......................... 183

SO, emission rates at Mount St.' Helens from March 29 through December, 1980.
T. ]. Casadevall, D. A. Johnston, D. M. Harris, W. 1. Rose, Jr., L. L. Malinconico,
R. E. Stoiber, T. ]. Borhorst, S. N. Williams, Laurel Woodruff, and
J. M. Thompson ... e 193

Emission rates of CO, from plume measurements. D. M. Harris, Motoaki Sato, T. ].
Casadevall, W. I. Rose, Jr., and T. ]. Bornhorst . ............................ 201

Continuous monitoring of hydrogen on the south flank of Mount St. Helens.
MotoakiSatoand K. A. McGee . ..., 209

The chemistry of gases emanating from Mount St. Helens, May-September 1980.
T. ]. Casadevall and L. P. Greenland . ........... .. ... .. .. .. ... 221

xiii



xiv

Thermal studies

Remote monitoring

VOLCANIC DEPOSITS
Debris-avalanche

Directed-blast deposits

Mudflow deposits

Pumiceous pyroclastic-
flow deposits

Lava domes

Analyses of gas samples from the summit crater.
W. C. Evans, N. G. Banks, and L. D. White ............. ... ... ............ 227

Properties of gases and waters of deep origin near Mount St. Helens. I. Bamnes,
D. A. Johnston, W. C. Evans, T. S. Presser, R. H. Mariner, and L. D. White . ... 233

Fumarole encrustations: occurrence, mineralogy, and chemistry.

T. E. C. Keith, T. ]. Casadevall, and D. A. Johnston . ........................ 239
Use of ash leachates to monitor gas emissions.

N. L. Nehringand D. A. Johnston ..............coiiiiiiiiiiiiiiiii .. 251
Thermal infrared surveys at Mount St. Helens—observations prior to the eruption
of May 18. H. H. Kieffer, David Frank, and ]. D. Friedman ................... 257

Thermal infrared surveys of the May 18 crater, subsequent lava domes, and
associated volcanic deposits.

J. D. Friedman, David Frank, H. H. Kieffer, and D. L. Sawatzky .............. 279
Summary of temperature studies of 1980 deposits.

N.G. Banksand R. P. Hoblitt ............ ... ... i ... 295
Fir leaves as thermometers during the May 18 eruption.

W.E Winnerand T. ]. Casadevall .............. . ... ... . ... ... cciii... 315
Radar observations of ash eruptions.

D. M. Harris, W. I. Rose, Jr., Robert Roe, and M. R. Thompson .............. 323

Volcano monitoring by closed-circuit television. C. D. Miller and R. P. Hoblitt . . 335

Catastrophic rockslide avalanche of May 18.

Barry Voight, Harry Glicken, R. ]. Janda, and P. M. Douglass . ................ 347
Fluid dynamics of the May 18 blast at Mount St. Helens. 5. W. Kieffer ......... 379
Origin and stratigraphy of the deposit produced by the May 18 directed blast.

R. P. Hoblitt, C. D. Miller, and J. W. Vallance .............................. 401
Deposits and effects of the May 18 pyroclastic surge.

J.G. Mooreand T. W. SiSSOM . . . ..ot 421
Devastating pyroclastic density flow and attendant air fall of May 18—stratigraphy
and sedimentology of deposits. R. B. Waitt, Jr. .............................. 439
Lahar movement, effects, and deposits.

R. ]. Janda, K. M. Scott, K. M. Nolan, and H. A. Martinson .................. 461
Chronology of mudflows in the South Fork and North Fork Toutle River following
the May 18 eruption. John Cummans .............. .. ..., 479

Pyroclastic-flow deposits. P. D. Rowley, M. A. Kuntz, and N. S. Macleod . . . .. 489

Morphology and rheology of pyroclastic flows and their deposits, and guidelines for
future observations. Lionel Wilsonand J. W. Head .......................... 513

Petrography and particle-size distribution of pyroclastic-flow, ash-cloud, and surge
deposits. M. A. Kuntz, P. D. Rowley, N. 5. MacLeod, R. L. Reynolds, L. A.

McBroome, A. M. Kaplan, and D. ]. Lidke ................................. 525
Growth of lava domes in the crater, June 1980-January 1981.
J. G. Moore, P. W. Lipman, D. A. Swanson, and Tau Rho Alpha ............. 541

Physical properties of the June 1980 dacite dome.
G. R. Olhoeft, R. L. Reynolds, ]. D. Friedman, G. R. Johnson, and G. R. Hunt . 549

Heat content and thermal energy of the June dacite dome in relation to total energy
yield, May-October 1980.

]. D. Friedman, G. R. Olhoeft, G. R. Johnson, and David Frank ............ ... 557



Air-fall deposits

Geochemistry of the deposits

EFFECTS OF THE
1980 ERUPTIONS

ANALYSIS OF
POTENTIAL HAZARDS

Prediction and
hazards assessments

Analysis of possible effects

Premagmatic ash erupted from March 27 through May 14, 1980—extent, mass,
volume, and composition. A. M. Sama-Wojcicki, R. B. Waitt, Jr., M. ]. Wood-
ward, Susan Shipley, and Jose Rivera . ..................................... 569

Areal distribution, thickness, mass, volume, and grain size of air-fall ash from the
six major eruptions of 1980. A. M. Sarna-Wojcicki, Susan Shipley, R. B. Waitt, Jr.,

Daniel Dzurisin, and S. H. Wood . ......... . ... . . . . . . . . . ... 577
Proximal air-fall deposits from the May 18 eruption—stratigraphy and field
sedimentology. R. B. Waitt, Jr., and Daniel Dzurisin ......................... 601

Proximal air-fall deposits of eruptions between May 24 and August 7, 1980—stratig-
raphy and field sedimentology.

R. B. Waitt, Jr., V. L. Hansen, A. M. Sarna-Wojcicki, and S. H. Wood .. ... ... 617
Compositional variations in 1980 magmatic deposits. P. W. Llpman D. R. Norton,
]. E. Taggart, Jr., E. L. Brandt, and E. E. Engleman . ......................... 631
Preeruption temperatures and oxygen fugacitites in the 1980 eruptive sequence.
W. G. Melsonand C. A. Hopson . ...t 641
Alteration of new volcanic deposits.

D. P. Dethier, D. R. Pevear, and DavidFrank ............................... 649

Composition of air-fall ash erupted on May 18, May 25, June 12, July 22, and
August 7.
A. M. Sama-Wojcicki, C. E. Meyer, M. ]. Woodward, and P. ]. Lamothe .. .. .. 667

Methods of analysis of samples using X-ray fluorescence and induction-coupled
plasma spectroscopy. J. E. Taggart, Jr., F. E. Lichte, and ]. S. Wahlberg . . ... ... 683

The impact of mudflows of May 18 on the lower Toutle and Cowlitz Rivers.
R. E. Lombard, M. B. Miles, L. M. Nelson, D. L. Kresh, and P. ]. Carpenter . ... 693

Effects of the eruptions on civil works and operations in the Pacific Northwest.

R. L. Schuster . ........ ... . . 701
Some effects of the May 18 eruption of Mount St. Helens on river-water quality.

J. M. Klein ... 719
Effects on a blue-green alga of leachates of ash from the May 18 eruption.

D. M. McKnight, G. L. Feder, andE. A. Stiles .. ............................ 733
Response of glaciers to the eruptions of Mount St. Helens.

M. M. Brugmanand M, F. Meider ....... ... ... ... ... ... .o, 743
Effect of ash thickness on snow ablation. C. L. Driedger ...................... 757

Ash-fall effects on the chemistry of wheat and the Ritzville soil series, eastern
Washington. L. P. Gough, R. C. Severson, F. E. Lichte, ]. L. Peard, M. L. Tuttle,

C.S.E Papp, T.F. Harms, and K. 5. Smith ................................ 761
Hazards assessments at Mount St. Helens.

C. D. Miller, D. R. Mullineaux, and D. R. Crandell. ......................... 789
Seismic monitoring for eruption prediction.

S. D. Malone, E. T. Endo, C. S. Weaver, and]. W.Ramey ................... 803

The 1980 activity—a case study in forecasting volcanic eruptions. R. W. Decker . 815

Stability of blockage in North Fork Toutle River.
T. L. Youd, R. C. Wilson, and R. L. Schuster .................cccccciiueeon.. 821

Computer assessments of potential flood hazards from breaching of two debris

dams, Toutle River and Cowlitz River systems.
M. E. Jennings, V. R. Schneider, and P. E. Smith ............................ 829



ILLUSTRATIONS

1 Index map showing location of Mount St. Helens . .4
2 Topographic map of the pre-1980 cone of Mount St.
Helens ........ ... ..o i 5
3-34 Photographs showing:
3 Mount St. Helens from the northeast ............ 6
4 Mount St. Helens from the southwest ............ 7
5 Young tephra sequence 8 km southeast of the former
SUMMIt . ...ooi 12
6 Summit area of Mount St. Helens, March 27 .. ... 18
7 Summit area of Mount St. Helens, April12 ... ... 19
8 Fingerlike ash columns in steam-blast eruption,
March 28 ........... ... . ... ... 20
9 Steam-blast eruption from summit crater, April 6 . 21
10 Aerial view of Mount St. Helens, May 16 .. ... .. 22
11 Hydrothermal-magmatic blast, May 18 ......... 23
12 Plinian eruption column, May 18 ............... 24
13 Lava dome plugging June 12 vent crater, July 18 .. 27
14 Third pulse of the eruption of July 22, at 1907
PDT .. 28
15 Pyroclastic flow of August 7 eruption ........... 28
16 Mount St. Helens, August29 .................. 29
17 View looking west-southwest, March 24, 1980 ... 34
18 View looking southwest, March 30, 1980 ........ 35
19 View looking north-northeast, March 30, 1980 . .. 36
20 View looking west-southwest, April 25, 1980 .... 37
21 Summit craters, looking west, March 30, 1980 ... 38
22 Enlarged crater, bulge, and fractures, looking west,
May 17, 1980 . ..o 39
23 May 18 eruption at its height, looking northeast, ap-
proximately 1200PDT ........................ 40
24 Sharply defined edge of May 18 plume, looking
southeast .................... . ... . ... 41
25 Diminished eruption plume, looking east, May 18,
1900PDT ... 42
26 Mount St. Helens and part of devastated area, June
30, 1980, view to south-southeast .............. 43
27 Lava dome within crater, July 13,1980 .......... 44
28 Dit left after the explosive eruption on July 22 . ... 45
29 Dogs Head, Forsyth Glacier, and bulge, May 17,
1980 . .o 46
30 Dogs Head, Forsyth Glacier, September 9, 1980 .. 47
31 Loowit Glacier and Goat Rocks, looking south, May
17,1980 .. ... ... 48
32 Same view as figure 31, September 9, 1980 .. .. ... 49
33 Goat Rocks and Dogs Head, looking southeast, May
4,1980 ... 50
34 Same view as figure 33, August 19,1980 . ........ 51
35 Map showing location of eyewitnesses at time of the
May 18 eruption ............................. 54
36 Map showing area of rockslide-avalanches and For-
syth ice avalanches in relation to Rosenquist obser-
vationsite ......... ... ... 70
37 Sketches of Mount St. Helens based on Rosenquist
photographs ................................ 71
38 Photographs showing slide and eruption sequence at

Mount St.Helens ............................ 72

39

41

42
43

45

47

49

51

52

53

55

57
58

59

65

Vertical aerial photograph of area of northeastern
part of Mount St. Helens in vicinity of Sugar Bowl
and DogsHead .............................. 77
Map of positions of Forsyth ice-avalanche fronts as
seen on successive Rosenquist photographs . . .. .. 78
Topographic map of the northeastern part of Mount
St.Helens ........... ... i i, 79
Topographic profiles along ice-avalanche paths .. 79
Sketches of Mount St. Helens based on Rosenquist
photographs showing growth of eruption clouds . 80
Graph showing displacement and velocity plotted
versustime .......... ... 82
Graph showing velocity of displacement of various
slide and eruption phenomena plotted versus elapsed
HME .. 83
Graph showing displacement of various slide and
eruption phenomena plotted from first Rosenquist

posteruption photograph ..................... 84
Graphs showing displacement and velocity versus
elapsed time from onset of slide I motion ........ 85

Helicorder record of two types of earthquakes . .. 95
Plot showing coda duration versus magnitude of
Mount St. Helens earthquakes ................. 97
Plot showing coda duration versus average
amplitude magnitude of low-frequency Mount St.
Helens earthquakes ........................... 98

Plot showing coda duration versus average
amplitude magnitude for high-frequency Mount St.
Helens earthquakes . .......................... 9
Plot of epicenters of earthquakes from 1975 to
March 1980 ... 100
Graphs showing counts of earthquakes from SHW
FeCOrds .. ..ot 100

Graph showing counts of earthquakes larger than
magnitude 2.5, daily earthquake energy release, and
square root of cumulative energy release, March

20-May 24, 1980 . ..o 101
Plot of epicenters of earthquakes occurring from
March20t026,1980 ..., 103
Plot of epicenters of earthquakes occurring from
March 27toMay 18,1980 .................... 104
Cross section of earthquake hypocenters . . .. ... 105
Plot showing frequency-magnitude relations for
highe and low-frequency earthquakes .......... 106
Map showing seismic stations in the Mount St.
Helensnetwork ..............cc.oviinni.n.. 111
Plots showing frequency of events versus magni-
tude, May 18-August 31 ..................... 112
Map showing composite seismicity pattern from
May 18to August 31 ........................ 113

Maps showing cumulative seismicity patterns . 114
Maps showing cumulative seismicity patterns in the
vicinity of the 1500-m topographic contour . .. .. 116
Map showing cumulative seismicity and focal-
mechanism diagrams for some events between May
18and August 31 . ...t 117
Focal-mechanism diagrams, first-motion data ... 118
Plot of compression and tension axes inferred from
all focal mechanisms ......................... 119



67

69

70

71
72
73
74
75
76
77

78

79

81

82

87

89

91

92

93

94

Regional tectonic model showing the compressional

regime at Mount St. Helens .. ................. 120
Topographic map of Mount St. Helens from aerial
photography of April 12,1980 ................ 124

Map of April 12, 1980, showing elevation changes
between August 15, 1979, and May 12, 1980 ... . 125
Maps showing elevation changes during four con-
secutive time periods, August 15, 1979, to May 12,

1980 ..o 126
Graph showing volume changes of Mount St.
Helens, March 20to May 18,1980 ............. 127
Maps of faults and fractures on north flank of
Mount St. Helens . .......................... 128
Profiles of Mount St. Helens, August 1979 to July
1980 ..o 130
Perspective views of Mount St. Helens from 17 km
tothenortheast ............................. 130
Perspective views of Mount St. Helens from 15 km
totheeast .................................. 131
Changes in profile of Mount St. Helens during
morningof May 18 .......................... 132
Topographic map showing elevation changes be-
tween August 15, 1979, and July 1, 1980 ... .. ... 133

Topographic map of summit and north flank of
volcano showing changes between April 11 and May

16,1980 ... 136
Computer-generated shaded-relief images of filtered
digital terrain models of volcano .............. 138

Computer-generated elevation-difference image
showing total elevation change from 1972 to May

12/16,1980 . .. ... 140
Elevation-difference images computer generated by
subtraction of digital terrain models ........... 140
Cross section A-A’ showing changes in topography
from 1972 to May 12/16,1980 ................ 140
Photograph of theodolite station at Timberline
Viewpoint, May1,1980 ...................... 144
Graph of tilt versus time at parking lot of Timberline
campground, April 10,1980 .................. 146

Map showing locations of stations used for measur-
ing surface displacements at Mount St. Helens .. 147
Photograph showing erection of unmanned target
(Sugar Bowl East), April 23,1980 .............. 148
Graph of changes in slope distances versus time . 150
Graph showing changes in horizontal angles versus
time ... ... ... 150
Map showing typical daily displacement vectors in
the area of the bulge on the north flank of Mount St.
HelensbeforeMay 18 ........................ 151
Graphs of vertical changes at Goat Rock and North
Point ................. . 152
Graphs of changes in slope distance between Cold-
water 2and Goat Saddle .................. ... 153
Map showing geodetic network used to monitor
deformation of Mount St. Helens after the May 18

eruption ........... .. ... .. 158
Map showing trilateration network at Mount St.
Helens ............. ... .. ... ... .. ... ... 159

Photographs of steel towers used in geodetic moni-
toring of Mount St. Helens .. ................. 160

95

96

97

98

9

100

101

102

Photograph of delta tower moved and partly buried
by pyroclastic flow on October 16 or17 . ..... .. 161
Graphs of change in vertical angles from instrument
stations to targets on Mount St. Helens, June-
November1980 ............................. 162
Map showing net change of slope distances between
June 19 and November13 .................... 163
Maps showing cumulative change in slope distances
during periods of contraction and expansion . ... 164
Graph of cumulative change in slope distances July-
November1980 ...............co i, 165
Graph of cumulative change in slope distance from
Harrys Ridge to rampart stations minus change from
HarrysRidgetoKid ......................... 166
Graph of widening of selected radial cracks
measured on rampart and crater floor, September 17
toNovember 5 ............. ... . .......... 167
Map showing locations of electronic tiltmeters .. 170

103-107 Graphs showing:

103

104

105

106

107

108
109

110

111

112

113

114

115

116

117

118

119

Daily averages of tilt (in two directions) at each of

three stations near Mount St. Helens . .......... 171
Twenty-four-hour tilt data that span the May 18
eruption ........... ... ... il 172
Twenty-four-hour tilt data that span the May 25
eruption ........ ... ... L 172
Theoretical volume of material transported during
the May 25 eruption ......................... 173

Twenty-four-hour tilt data recorded at the Ape Cave
North station that span the eruptions of June 12, July
22, andAugust 7 .. ... 173
Precision gravity stations on Mount St. Helens .. 176

Temporal variations of gravity at four stations of
the pre-May 18 gravity network ............... 177
Locations of proton magnetometer and tiltmeter sta-
tions on Mount St. Helens and in the Western United
States 184
Comparative plots for the same 280-km baseline of
magnetic-field differences between stations VIC and
SHW and stations BLMand GDH ............. 185
Graph showing magnetic-field differences between
stations SHW and PTM preceding and following the
May 18 eruption .................coiiii ... 186
Graphs showing magnetic-field differences between
stations SHW and VIC during the May 25 and June
12eruptions ... 187
Total-intensity plots from SHW, VIC, and BLM dur-
ing months of May and June 1980 ............. 187
Diagrams showing flight patterns used while making
airborne measurements of gas emissions ........ 195
Graphs showing variation of SO, and CO, with
time, from March 29 through December, 1980 .. 197
Diagrams showing SO, emissions compared with the
change in east-west tilt as recorded at Ape Cave
North station from April 29 to June 28, 1980 . ... 199
Graph showing decrease of transmission at the
4.26-m absorption band for CO, during flight

through theplume .......................... 202
Graph showing pressure, temperature, and mass of
CO, per unit volume in the atmosphere . .. .. ... 203

xvii



120

121

122

123
124

125

126

127

128

129

130

131

132

133

134

135

136

137

138
139

140

141

142

143

144
145

146

147

148

149

xviii

Spatial distribution of excess CO; concentration in a
cross section of the plume on July 9,1980 .. ... .. 203
The chrenological variations of CO,- and
SO,-emission rates and the CO,/SO, mass ratio . 205
Sketch showing the location of the H, monitoring

site onthesouthflank ....................... 210
Diagram of the H,sensor . ................. ... 211
Sketch showing the arrangement of the H, monitor-
ing and radio-telemetry systems ............... 211
Diagrams showing recorded traces of H, emissions
and reference voltages ....................... 212
Correlation chart showing H, emission, eruptions,
and seismicevents . ................ ... ... 214
Diagram showing daily average of H, concentration
in the ground relative to the ambient air ........ 217
Diagram showing concentrations of CO, versus CO
in the crater during September 1980 ............ 224
Diagram showing fo versus temperature for
selected volcanicsystems ..................... 225
Map showing location of five deep-water sample
SIS ... 234
Graph of isotopic compositions of deep-origin water
samples and their relation to meteoric water . ... 236
Map showing locations and numbers of sampled
fumaroles .................... ... ... 240
Photographs of radial fracture in the tephra blanket
in the crater on September 16, 1980 . ........... 241

SEM photograph of yellow noncrystalline encrusta-
tion material from the radial crack of the tephra

blanket inthecrater ...................... ... 242
SEM photograph of hemispheres of bladed
crystals ... ... ... 242

SEM photographs of crystals that make up the
“fuzzy” botryoidal crust along radial fractures in the

Crater ............ .. i 243
Photograph of fumarole deposit of sulfur and gyp-
sum on the June 12 pyrolclastic flow ........... 244
Photograph of dacite cobble from fumarole . . . .. 244
SEM photographs of botryoidal iron hydroxide
coating on ash particles ...................... 245
SEM photographs of anhydrite needles with later
depositsof alunite ........................... 246
Photographs of orange-yellow encrustrations
deposited from fumarole 6 in the debris flow . ... 247
SEM photograph of botryoidal, noncrystalline
hydrate of S, Al, Cl,andFe .................. 248
SEM photograph of bladed crystal of hydrous
calciumsulfate .............................. 249

SEM photograph of a group of gypsum crystals . 249
SEM photographs of clear, fibrous bundles of
halotrichite crystals ......................... 250
Change in S:Cl throughtime .................. 253
Thermal infrared images of Mount St. Helens prior
to the 1980 eruption sequence showing the two
historic thermal areas ........................ 258
Map showing location of historic thermal areas A
and B in relation to topography, glaciers, and major

geologicunits ..................... ... ... 259
Oblique aerial photographs of summit area, March
24, 1980, showing historic thermal areas . . . ... .. 262

150

151

152

153

154

155

156

157

158
159

160

161

162

163

164

165

166

167
168

169

170

171

172

173

174

175

176

177

178

179

Oblique aerial photograph of summit area, March
27, 1980, viewed fromnorth .................. 264
Thermal infrared images of summit area, March 30,
1980 ..o 265
Oblique aerial photograph of summit area, March
30, 1980, viewed fromnorth .................. 266
Oblique aerial photograph of summit area, March
30, 1980, viewed from east-northeast .......... 267
Thermal infrared image of summit area, April 11,
1980 ..o e 269
Oblique aerial photograph of summit area, May 1,
1980, viewed from northeast ........... AU 270
Map showing anomalous thermal features A, F, and
G on the north flank of the volcano, May 2,

1080 ..o e 271
Thermal infrared image of historic thermal area B,
May 16, 1980 ... ..o 271

Thermal infrared image of crater, May 16, 1980 . 272

False-color thermal infrared image of crater,
May 16,1980 .. .....ooviiiiiiiiii 273
Vertical aerial photograph of summit crater and
north flank, May 16, 1980, 1005 PDT .......... 274
Map showing anomalous thermal features in and
near summit crater, May 16 and 18,1980 . ... ... 275
Schematic south-north cross section A-A’ through
summit just prior to May 18 eruption .......... 276
FLIR thermogram of crater, looking south,
May 31 <o 279
FLIR thermogram of crater, looking east,
May 31 ... 280
FLIR thermogram of crater, looking east,
June 3 .. 280
FLIR thermogram of crater, looking south,
June 7 ... 280

Vertical thermal image of crater floor, June 8 . ... 282
FLIR thermogram looking south from 13 km,

June 19 ... . e 283
FLIR thermogram looking south from 4.8 km,
June 19 ... 283
FLIR thermogram looking south from 1.6 km,
June 19 ... e 283
Vertical thermal image of emergent dome,
June 19 .. .. 284
Vertical thermal image of crater floor and amphi-
theater, July 15 ........... ... ... .. ... ... 285
Vertical thermal images of crater, dome, amphi-
theater, and pyroclastic-flow deposits . ......... 286
Daedalus multispectral vertical scanner image,
August 20 ... 288

Maps of crater showing sites of fumarole emis-
sion
Graphs of voltage versus temperature for calibrated

images of USGS RS-14A scanner .............. 293
Generalized sketch map of products of the May 18,
1980, eruption . ............ ... ... 298

Maps showing temperature data for deposits of the
debris avalanche and the directed blast of May 18,

980 ..o 300
Plot of temperature versus distance of travel of the
debris avalanche of May 18,1980 ............. 302



180

181

182

183

184

185

186

187
188
189

190

191

192

193

194
195
196
197
198

199

201

202

203

Plot of temperature of deposits of the directed blast
of May 18, 1980, versus distance and azimuth from
the vent ......... .. . ... 303
Plot of rank of thermal effects on tree remnants in
the devastated area of May 18, 1980, versus distance
and azimuth fromthevent ...«............... 305
Rank of thermal effects on wood included in
deposits of the directed blast of May 18, 1980, versus

distance and azimuth fromthevent ............ 306
Sketch maps showing temperature data of deposits
of the pyroclastic flowsin1980 ................ 308

Diagrams showing plots of temperature of
pyroclastic-flow deposits of 1980 versus distance

fromthevent ............................... 311
Location map showing seared zone produced by the
May 18eruption ....................o . 316

Stereophotographs taken June 19, 1980, showing
seared zone along the valley of Green River, north of

thevolcano ..., 317
Cross section of stomata on leaves of Grand fir after
heat treatments .................... ... . ... 318
Whole mount of lower leaf surface of Grand fir after
heat treatments ........... ... ... ... ... .... 319
Lower surfaces of dead fir leaves from sites 1 and 2
inthesearedzone ........................... 320

Heights of the May 18 Plinian eruption column near
Mount St. Helens, as determined by Portland
radar ... 328
Shape and structure of the May 18 eruption cloud
from Mount St. Helens, as depicted by Seattle and
Spokane radar systems and NOAA weather satel-

lite .. . 329
Photograph of video-camera installation on ridge 9
km north of Mount St. Helens ................ 336

Map showing locations of camera and repeater sites
near Mount St. Helens and Emergency Coordination
Center in Vancouver, Wash .................. 337
Photograph of video-monitor and control console in
the Emergency Coordination Center ........... 338
Schematic layout of camera-station components of
the video-surveillance system ................. 339
Schematic layout of repeater-station components of
the video-surveillance system ................. 340
Schematic layout of receiver and control com-
ponents of the video- surveillance system . . ... .. 341
Location map of avalanche study and Rosenquist
observationsite ............... . ... L 348
Photograph showing summit and north slope of
Mount St. HelensonMay 17 ................. 350
Map showing deformational features of summit and
north slope of Mount St. Helens on May 17 and
boundaries of May 18slides . ................. 352
Photographs showing views to west from aircraft of
head of slide I dropping along steep-dipping detach-
ment surface and dipping near apex of bulge . ... 353
Cross sections showing movement of the north slope
of Mount St. Helens as indicated by the Rosenquist

photographs ........ ... ... ... ... ... .. 354
Geologic map of the Mount St. Helens avalanche
deposit showing lines of cross sections ......... 356

205

206

207

208

210
211

212

213

214

215

216

217

218

219

220

221

222
223

226

Simplified geologic map of pre-May 18 Mount St.
Helens showing deformed area and May 18 slides I,
1 0§ ) PP 358
Cross section A-A” showing August 1979 and
May 18 preeruption profiles, and May 18 posterup-
tionprofile ......... ... ... ..l 359
Mount St. Helens from the northeast on May 1,
showing bulge on north slope east of Dogs Head,
south of Sugar Bowl, and north of main summit
Yo7 o o O 360
Horizontal displacement vectors as indicated on
topographic maps for August 15, 1979, to May 12,

Horizontal displacements as indicated on
topographic maps for period August 15, 1979, to

May 12,1980 .. ..ot 362
Normalized displacements versus elapsed time from
April 7,1980 ... 363

Isopach map of portion of avalanche deposit ... 364
Longitudinal topographic profile of North Fork
Toutle River approximately along axis of debris ava-
lanche comparing 1952 and post-May 18, 1980,
data ....... o 365
Transverse topographic profiles crossing debris

avalanche comparing 1940 and August 1980
data ........... e 366
Topographic map showing surface detail on debris
avalanche in vicinity of Coldwater Creek . ... ... 367
Photograph showing view east along North Fork
Toutle River at Elk Rock bend on June 30 ... ... 368
Sketch map of avalanche deposit indicating sample
localities and density and textural data ......... 369

Cumulative curves of particle-size distribution data
of the May 18 avalanche and associated deposits at
Mount St. Helens ........................... 372
Cumulative curves of particle-size distribution com-
paring the May 18 avalanche deposit at Mount St.
Helens with older deposits at Mount St. Helens and

MountRainier ................... ... ... 373
Direct shear test results on samples from May 18
deposit at Mount St. Helens . ................. 375

Map of the devastated area, showing streamlines of
the flow as deduced from the directions of fall of

BTES . o\t 381
Photographs showing parts of the devastated area
and damaged tree stumps .................... 382

Schematic cross section of the volcano and reservoir
conditions before the blast, and space-time diagram
showing development of discharge from the reser-
VOIT ettt 384
Diagrams of the supersonic flow patterns . .. .. .. 388
Diagram of the model flow field for the blast . ... 390
Model flow field of figure 223 superposed on map of
the devastatedarea .......................... 392
Diagram comparing subsonic and supersonic flow
around an obstacle and over a wall and comparing
the propagation of acoustic waves in subsonic and

supersonic flow ........ ... . ... 394
Map of area covered by deposits of directed
blast . ... 402

Xix



227

228

229

231

232

233

Photograph of blast-deposit section showing basal,
surge, pyroclastic-flow, and accretionary lapilli

UNIS ..ot 403
Photograph of blast-deposit section showing well-
developed basal unit on west traverse .......... 403

Stratigraphic sections of the blast deposit, median
grain size of sampled units, and location of sites
along northwest traverse ..................... 405
Stratigraphic sections of blast deposit, median grain
size of sampled units, and location of sites along east
Lraverse . ...........uuiinii i, 406
Stratigraphic sections of blast deposit, median grain
size of sampled units, and location of sites along
west traverse ............ ... . oo 407
Particle-size distribution curves for units of directed-
blastdeposit ................................ 408
Plot of median diameter versus deviation for May 18
and Sugar Bowl directed-blast deposits . . ....... 409

234-240 Photographs showing:

234
235
236
237
238
239
240

241

242

8

Typical splintered log eroded from blast deposit in

South Coldwater Creek canyon ............... 410
Massive unit exposed on ridgetop at locality 11, 9
km north of Mount St. Helens ................ 411
Pyroclastic-surge unit exposed at locality 19 on west
traverse ...... ... . 411
Flat-topped blast pyroclastic-flow deposit in South
Coldwater Creek canyon ..................... 411
Valley-fill deposit in upper Smith Creek canyon,
formed by a blast pyroclastic flow ............. 412
Section through the directed-blast deposit at local-
ity 1 on the northwest traverse ................ 414
Handful of accretionary lapilli from directed-blast
deposit at locality 32 ......................... 414

Plot of mean dimensions of the largest juvenile
dacite clasts versus distance from Mount St. Helens
along west, northwest, and east traverses . ... ... 415
Histogram of the densities of 232 samples of juvenile
dacite from Mount St. Helens directed-blast
deposit .......... ... ... 415
Diagrammatic model of deposition of basal, surge,
and accretionary-lapilli units from blast cloud . . . 418
Map of vicinity around Mount St. Helens showing

location of points of measurement ............. 423
Contour map showing thickness of wood removed
from side of trees and stumps facing volcano . . .. 425

Contour map showing charring of small trees . .. 426
Representative stratigraphic sections of pyroclastic
surge and related air-fall deposits .............. 427
Plot of thickness and grain size of the pyroclastic
surge deposits as a function of distance from the
SOUFCE . ot vv ettt et et ie e e 428

249-255 Contour maps showing:

249
250

251
252

Thickness of coarse basal unit of the surge
deposit

Average diameter of the three largest Cclasts
measured within the surge deposit ............. 431
Thickness of fine upperunit .................. 432
Thickness of surge air-fall deposit ............. 433

253

255

256

257
258

259

261

262

265

3

-3

270

271

272

273

274
275

276

Weight percent of fresh, gray dacite in composite
samples of both basal and upper units of surge
deposit ............ i 434
Median grain size of composite samples of both the
basal and upper units of the surge deposit ... ... 435
Deviation of composite samples of basal and upper
units of the surgedeposit ..................... 436
Graphs showing median grain size and deviation of
composite samples of basal and upper units of the

surge deposit ... ... 437
Index map showing eruption features and the limits
of down-timber and scorch zones ............. 440
Composite stratigraphic column of pyroclastic den-
sity flow and air-fall deposit .................. 441
Stratigraphic cross sections of pyroclastic density-
flow and air-fall deposits ..................... 443
Photograph of dunes or antidunes at surface of layer
A2 444

Isopach map of May 18 pyroclastic density-flow and
air-fall deposit showing lines of cross sections A-A"
through D-D" and outline of devastated area . .. 446
Isopach map of gravel facies of May 18 pyroclastic
density-flow deposit showing outline of devastated
ATEA .o vov ettt 447
Isopach map of sand facies of May 18 pyroclastic
density-flow deposit showing outline of devastated
) (- P 448
Isopach map of silt facies of May 18 density-flow
and air-fall deposit showing outline of devastated
@AICA . .ttt 449
Photograph of stump of fir tree 8 km north of
volcano showing splinters tilted away from volcano
and abrasion on side toward volcano .......... 451
Photograph of proximal downed tree projecting
beneath coarse layer Al, overlain by layers A2 and

Photograph of stratigraphic section atop distal
downedtree ..................... . .......... 452
Photograph of scorched needles beneath layer A3
plasteredontree ............................ 453
Comparative stratigraphic sections on level ground
and on underside of overturned vehicle near Elk

Rock ... 455
Schematic diagram of pyroclastic density flow
sweeping through proximal area .............. 456
Map showing streams draining the flanks of Mount
St. Helens and the areas impacted by lahars . . . .. 462
Preeruption and posteruption profiles of the Muddy
River at the Muddy River bridge .............. 463

Photograph showing trench enlarged and deepened
by water torrents at west fork of upper Pine
Creek
Oblique aerial photograph of upper South Fork
ToutleRiver ................ ... ... ........ 466
Preeruption and posteruption cross-sectional pro-
files of South Fork Toutle River ............... 469
Vertical aerial photographs showing valley of North
Fork Toutle River near Camp Baker ........... 471



277

278

279

281

&

3

286

Preeruption and posteruption cross-sectional pro-
files of North Fork Toutle River ............... 472
Photograph of “bayonet” trees on inundated area
along North Fork Toutle River ................ 473
Photograph of “nurse” log lying beneath mud-
line ... 474
Photograph of relatively intact house, which ap-
parently floated on the mudflow surface .. ..... 474
Preeruption and posteruption cross-sectional pro-
files of ToutleRiver ......................... 475
Preeruption and posteruption cross-sectional pro-
files of Cowlitz River ........................ 477

Map showing drainage system and localities at
which mudflows were observed on May 18-19 . . 481
Photograph showing characteristic mudflow marks
along the Toutle River just downstream from State
Highway 504 bridge ......................... 483
Photograph showing flooded area at destroyed State
Highway 504 bridge just below the confluence of the
North Fork and South Fork Toutle River . ... ... 484
Graph of stage measured by recorder and wire-
weight gage sounding, Cowlitz River at Castle Rock,
Wash., May 18-19, 1980 ... .................. 485

287-294 Photographs showing:

287
288
289
290

291
292

293
294

295

296

297

298

299

301

302

Northern flank, showing the rampart, amphitheater,
stairsteps, and southern part of the pumice plain 491
Pyroclastic-flow deposits of May 18, 1980, on the

western part of the pumice plain .............. 494
Emplacement of a May 18 pyroclastic flow by col-
lapse of a margin of the Plinian Column ........ 495
Pyroclastic-flow deposits of June 12, 1980, showing
atongueanditslobes ........................ 496
The big phreatic-explosion pit ................ 497
Tongues of pyroclasticflow deposits of July 22,
1980 ..o e 498

Pyroclastic flow of 1623 PDT August 7, 1980 ... 500

Distal end of pyroclastic-flow deposits of Oc-
tober 17,1980 ............ ... .. ... 502
Geologic map of pyroclastic-flow deposits on the
northern flank of Mount St. Helens ........... 503

Photograph of distal end of a lobe of pyroclastic-
flow deposits formed during night of October 17,
1980 .. 504
Photograph showing flow units of pyroclastic-flow
deposits of May 18, 1980, in the northern wall of the
big phreatic explosionpit ..................... 505
Photograph showing recent flows, locations of flow
lobes examined, and stations where measurements
weremade ................ i 515
Oblique view of lobes of pyroclastic-flow deposits
showing generally constant width and thickness of
deposits 516
Photograph of a single lobe of the deposits from
July 22 eruption showing slightly raised levees and
central channel ............................. 517
Photograph showing concentration of large pumice
clasts in the uppermost part of alevee .......... 518
Photograph showing pumice clast that has bread-
crust texture of surfacelayer .................. 518

303

304

305

306

307

308
309
310

311

Graph showing relationship between stress and
strain rate for various materials ............... 519
Plot of modal percent of phenocrysts and ratio of
amphibole to amphibole plus orthopyroxene versus
modal percent of glass for gray dacite from lateral-
blast deposit and pumice from pyroclastic-flow
deposits .......... i 531
Plot of Inman deviation versus median size of
pyroclastic-flow, surge, and ash-cloud deposits . 534
Cumulative curves for particle sizes of represent-
ative samples of pyroclastic-flow, ash-cloud, and
surge deposits . ... 536
Sketches of summit and amphitheater of Mount St.

Helens, showing June, August, October, and
Decemberdomes ............................ 543
Photograph of the December dome ............ 546
Photograph of dacite dome from near ground level,
looking south, June 29,1980 .................. 550
Map showing the location of samples
JDF-6-29-80-1land -2 ..............cvon..... 551
Photomicrographs of dacite vitrophyre ........ 551

312-318 Graphs showing:

312

313

314

315
316
317
318
319
320
321

322

323
324
325
326
327

328

Reflection spectra of Mount St. Helens dacite sample
JDF-6-29-80-2 compared to two other dacites .. 552
Transmission spectra of Mount St. Helens dacite
sample JDF-6-29-80-2 in KBr matrix compared to
twootherdacites ......................... ... 552
Cumulative volume fraction of mercury intruded
into sample plotted against log pore radius, samples

JDF-6-29-80-1d, and JDF-6-29-80-2a ......... 554
Log DC electrical resistivity versus reciprocal
temperature for sample JDF-6-29-80-1a ....... 554
Volatile outgassing shown as mass spectra versus
temperature for sample JDF-6-29-80-1a ....... 554
Complex resistivity spectra for 0.001-m KCl-
saturated sample JDF-6-29-80-1a ............. 554

Normalized saturation magnetization (JT/JO) versus
temperature curve for sample JDF-6-29-80-2b .. 555
Sketch of a north-south section through the late-June
1980 crater and dacitedome .................. 558
Graph of thermal diffusivity of dacite dome rocks of
June 1980 ... 559
Graph of specific heat of dacite dome rocks of June
1980 ... o 560
Graph of cumulative thermal energy expended in
relation to total energy yield at Mount St. Helens be-
tween May and October1980 ................. 566
Photograph showing the stratigraphy of ash and
snow at Timberline parkinglot ................ 570
Photograph showing snow having surface layer of
ashwithcurdtexture ........................ 571
Photograph showing sharp lobate margin of flow-
emplaced ash onnorthflank .................. 572
Isomass map of early nonmagmatic ash erupted be-
tween March 27 and April 17 ................. 573
Photograph of hypersthene crystal showing effects
ofabrasion ......... ... ... i 574
Photograph of plagioclase feldspar crystal showing
effects of abrasion and chipping along cleavages . 574



329

330

331

332

333
334

335

336
337

338
339

341
342

343

345
347
349
350
351

352

353
354
355

356
357

358
359

Photograph showing coating of a pure silica phase
on a plagioclase feldspar grain .............. .. 575
Plot of ratios of integrated, normalized peak inten-
sities to total counts within each of two spectral

regions for rubidium and strontium ............ 575
Diagrammatic east-west profile showing early ver-
tical growth and lateral expansion of plume . . ... 579

Isochron map showing maximum lateral downwind
extent of ash from airborne-ash plume erupted on
May 18 and carried by fastest moving wind
layer ... ... .. 579
Graph showing rate of ascent of vertical plume . . 580
Graph showing traveltime versus distance from the

volcano for airborne-ash plume ............... 581
Graph showing average wind-speed profiles from
measurements at Spokane, Wash .............. 582
Isopach map of air-fall ejectaonMay 18 .. ...... 583
Profiles across tephra lobe, normal to plume
AXIS .. 584
Isomass map of ash eruptedonMay 18 ......... 585
Profile showing stratigraphy of the May 18 air-fall
deposits northeast of the volcano . ............. 586

Profile showing thickness of dark- and light-colored
ash layers along the north-south traverse through

Moscow,Idaho ............. ... ... ... .... 587
Isochron and isomass maps compared .......... 588
Cumulative weight-percent curves of downwind
ash ... ... 589
Graph showing mass of downwind ash as a function
of the size of the areacovered ................. 590
Isopach map of air-fall ash of May 25 .......... 591
Isopach map of air-fall ash of June12 .......... 593
Isomass map of air-fallash of July 22 ........... 594
Comparison of isomass maps for the first four erup-
tionsof 1980 .. ...t 595
Isomass map of air-fall ash of August 7 ........ 596

Isomass map of air-fall ash of October 16-18 . ... 597
Graph showing mass and volume of air-fall ash from

six 1980 eruptions of Mount St. Helens ... ... ... 598
Graph showing maximum thicknesses of air-fall
tephralayers ........... ... ... ... ... 599

Map showing areas covered by 20 cm or more of
tephra during five relatively large pre-1980 tephra
eruptions, compared with air-fall tephra of the

May 18 eruption .................. ... ..., 600
Index map of Mount St. Helens area showing
deposits and features of the 1980 eruptions . . ... 602
Schematic stratigraphic columns of air-fall deposits
from the May 18 eruption .................... 603
Isopach map of total May 18 directed-blast and air-
fall deposits ................... ... ... 604
Isopachmap of layer A3 ..................... 605
Photograph showing cross-section view of units A,
B, C, and D, and divisionsof unitB ........... 606
Isopach and isopleths of maximum pumice size of
unit B ... 608

Stratigraphic cross sections along axis of unit B lobe,
across air-fall lobe about 25 km from volcano, and
across air-fall lobe about 40 km from volcano . .. 609

360

361
362

365

367

369

370

371

372

373

374

375

376

377

378

379

380

381

Photograph showing layers of unit C and discon-

formable contact with layer A3 ............... 611
Isopach map of unitsBand C ................. 612
Isopachmapof unitD ....................... 614
Photograph of scattered pumice of unit E overlying
unit D ... 614

Plot of thickness of air-fall lobes from Mount St.
Helens as a function of distance downwind of
volcano . ... 615
Plot of intermediate diameter of largest pumice
fragments as a function of distance downwind from
volcano ......... ... 616
Index map showing discernible limits of air-fall lobes
of eruptions from May 18 through August 7,

1980 ..o 618
Isopach map of air-fall deposits through July 22,
1980 ... 619

Map of May 25 air-fall deposits showing isopachs,
median grain size, and isopleths of intermediate
diameter of largest pumice fragment ........... 620
Map of June 12 air-fall deposits showing isopachs,
median grain size, and isopleths of intermediate
diameter of largest pumice fragment ........... 622
Photograph showing coarse pumice from June 12
eruption that formed impact pits in the finer but
thicker May 25 air-fall deposit at Butte Camp . .. 622
Map of July 22 air-fall deposit showing isopachs,
median grain size, and isopleths of intermediate
diameter of largest pumice fragment ........... 623
Photograph showing coarse pumice from July 22
eruption overlying coherent surface of silt at top of
May 18 air-fall deposit ....................... 624
Map of August 7 air-fall deposit showing median
grain size, isopleths of intermediate diameter of
largest pumice fragment, and axis of maximum

thickness ...........ccooiiiii i 625
Stratigraphic cross section showing air-fall
deposits ........ ... 626

Maximal thickness of air-fall lobes from Mount St.
Helens plotted as a function of distance down-
wind ... 627
Intermediate diameter of largest pumice fragment
plotted as a function of distance downwind . ... 627
Variation diagrams for selected major oxides from

magmatic samples .......................... 636
Summary diagrams showing interpreted relation-
ships between composition, volume, and time of

eruption for 1980 magmas .................... 639
Temperatures and oxygen fugacities for the 1980
eruptivesequence .................... ... 647
Photograph of Mount St. Helens in 1975, showing
historically active hydrothermal areas .. ........ 651
Index map showing distribution of new deposits and
locations of samplesites .. .................... 652

382-385 Scanning electron microscope images of:

382

383

Abraded pumiceous shards and feldspar in tephra

from May 18 eruption ....................... 655
Chabazite and smectite in altered clast collected
from debris-avalanche deposit ................ 655



384

385

387

388

389
390

Interior of pumice clast collected at a depth of 60 cm
in a May pyroclastic flow .................... 656
Pumiceous material from the May 18 eruption .. 657
Ternary diagram showing proportions of calcium,
sodium, and potassium in tephra and surface-water
samples ......... ... ... 660
Graph showing stability relations of gibbsite,
kaolinite, calcium smectite, and amorphous silica at

25°C e 661
Graph showing rate of mineral solution suggested by
leaching of vitric ash with distilled water .. .. ... 662
SEM photograph of unsized May 18 ash . ... .... 668

SEM photograph of portion of a glass shard in
unsized May 18 ash with broken vesicle wall and ad-
hering finematerial .......................... 668

391-397 Graphs showing;:

391

392

393

394

395

396

397

398

399

401

402

403

404

Downwind variation in composition of bulk samples
ofairfallash ............................... 669
Downwind variation of selected elements in bulk
samples of air-fallash ..................... ... 669
Bulk compositional variation for selected elements
across ash lobe along a north-south traverse through
Missoula, Mont ............................. 670
Compositional variation for selected elements in
bulk air-fall ash of five major eruptions, May 18
through August 7 ........................... 675
Minor- and trace-element content in May 18 air-fall
ash compared to that of previous eruptions . . ... 678
Major- and minor-element content in glass of
May 18 air-fall ash compared to that of previous
eruptions . .............. . iiiiiiiii 679
Rare-earth-element content in glass of May 18 ash
compared to the range for glass from several older
ashes ............ ... 681
Map showing extent of inundation by mudflows of
May 18, 1980, along the lower Toutle and Cowlitz
Rivers, Wash ............................... 694
Graph showing river stages, Cowlitz River at Castle
Rock, Wash., May 18-19, 1980 ............... 695
Cross section showing channel and valley conditions
of the Cowlitz River near Castle Rock, Wash., prior
to and after the mudflows of May 18, 1980 .. ... 695
Diagram showing relation between river stage and
discharge prior to and after mudflows of May 18,
1980, Cowlitz River at Castle Rock, Wash . ... .. 695
Stage profiles of channel bottom and water-surface
elevations of the lower Cowlitz and Toutle Rivers
prior to and after the mudflows of May 18, 1980 . 696
Location map of area near Mount St. Helens directly
affected by the May 18 eruption ............... 702
Map showing locations of bridges destroyed or
heavily damaged by the debris avalanche and mud-
flows ... 704

405-410 Photographs showing;:

405

406

Mudflow covering State Highway 504 near the town
of Toutle .................................. 706
The St. Helens bridge on State Highway 504 before
and after it was washed out by mudflow on the
North Fork ToutleRiver ..................... 708

407

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

431

432

The steel-girder Coal Bank bridge on State Highway
504 before May 18, and being destroyed by mud-
flow ..o 710
The Interstate 5 bridge and Burlington Northern
railway bridge over the Toutle River at its mouth on
May 19 ... ..o 712
Weyerhaeuser Company employee bus heavily
damaged and partially buried by mudflow on the

North Fork ToutleRiver ..................... 713
Cleaning the Longview, Wash., water-supply filtra-
tion plant sedimentation basin, May 29 ........ 714
Longitudinal profile of the bottom of the Columbia
River ... 714
Photograph showing removal of ash from Interstate
90, eastern Washington ...................... 715
Photograph of spoil site in Ritzville, Wash., contain-
ing10,000m3ofash ......................... 716
Map of Washington showing ash erupted from
Mount St. HelensonMay 18 ................. 720
Map of Washington showing location of sampling
stations ........ ... 721
Percentage composition of water from the Klickitat
Rivernear Pitt, Wash ........................ 722
Time-series plot of sulfate concentration in the
Klickitat River ................c.cooea.. 723
Time-series plot of chloride concentration in the
Klickitat River ...................ccoven... 724

Time-series plot of total organic nitrogen and total
nitrogen concentrations in the Klickitat River . .. 724
Time-series plot of turbidity in the Klickitat

River ... 724
Percentage composition of water from North Fork
Ahtanum Creek near Tampico, Wash .......... 725
Time-series plot of sulfate concentration in the
YakimaRiver ................ ... ... ... 726
Time-series plot of chloride concentration in the
YakimaRiver ..................... .. ... 726

Time-series plot of total organic nitrogen and total
nitrogen concentrations (as nitrogen) in the Yakima

River .......... o 726
Time-series plot of turbidity in the Yakima
River ........... o 726
Percentage composition of water from the Toutle
River near Castle Rock, Wash ................ 728

Time-series plot of total organic nitrogen and total
nitrogen concentrations (as nitrogen) in Cowlitz

River at Kelso, Wash ........................ 729
Time-series plot of turbidity in the Cowlitz River at
Kelso,Wash ................. ... ... 729
Percentage composition of water from miscellaneous
sampling sites near Mount St. Helens .......... 730
Isopach map of ash erupted from Mount St. Helens
onMay 18,1980 ...ttt 734

Flow chart showing experimental design used to
determine the general character of toxicants in
volcanic-ash leachates ....................... 736
Graph showing growth of Anabaena flos-aquae ex-
posed to different fractions of Richland volcanic-ash
leachate 739

xxiii



433

435

437

438

439

441

442

45

447

49

450

451

Xxiv

Photomicrographs showing morphological dif-
ferences between Anabaena flos-aquae in cultures
exposed to various concentrations of unfractionated
Richland volcanic-ash leachate ................ 740
Graph showing growth of Anabaena flos-aquae ex-
posed to different fractions of Moses Lake volcanic-
ashleachate ................................ 741
Map of glaciers on Mount St. Helens before and
after May 18 eruption . ....................... 744
Photograph of eastern slope of Mount St. Helens
showing Shoestring Glacier as it appeared on
September29,1979 ............... ... 746
Map of Shoestring Glacier showing markers and
survey points used in 1979 and 1980 ........... 746
Photograph of lower part of Shoestring Glacier as it
appearedonMay 17 ......................... 747
Diagrammatic cross sections in region 3 of Shoe-
string Glacier comparing velocity and thickness in
June 1979 and October 1980 .................. 747
Diagrammatic longitudinal profiles of Shoestring
Glacier showing velocity during 1979 and 1980 . . 748
Graphs of seasonal variations in velocity of Shoe-
string Glacier, 1979and1980 . ................. 751
Map and graph showing velocities of selected
markers on Swift Glacier ..................... 752
Diagrammatic cross sections of Swift Glacier show-
ing velocities during summer of 1980 ........... 753
Photograph of 20-mm-thick ash plot 7 days after ash
was spread on snow surface, South Cascade Glacier,
Wash. ......... ... 758
Graph showing amount of surface lowering at nine
plots on summer snow, August 1980, South Cascade
Glacier, Wash ............. .. .............. 759
Graph showing change in ablation rate of different
ash thicknesses at plots on South Cascade Glacier,
Wash., August1980 ......................... 760
Map of eastern Washington showing sample-site
localities south of Ritzville and volcanic-ash deposi-
tionisopleths ............................... 762
Photomicrograph of bristles on unwashed wheat-
head rachis, eastern Washington .............. 764
Photomicrograph of volcanic ash on unwashed
wheat-head floret, eastern Washington ........ 764
Triaxial plot of relationship between sulfur concen-
tration in wheat whole grain, soil pH, and volcanic-
ash depth, eastern Washington ................ 777
Triaxial plot of relationship between sulfur concen-
tration in wheat heads, soil pH, and volcanic-ash
depth, eastern Washington ................... 777

452

453
454
455
456
457

458

459

461

462

465

467

470

Triaxial plot of relationship between sulfur concen-
tration in wheat stems and leaves, soil pH, and
volcanic-ash depth, eastern Washington ... .... 777
Plot of predicted movement of ash at seven different
altitudes, erupted at 1100 PDT on May 18, 1980 . 792
Map showing volcanic hazards zones as drawn on

large-scale map April1,1980 .................. 794
Map showing hazards zones as drawn May 26, 1980,
after May 18 dacitic magmatic eruption ........ 796
Map showing all seismic stations in the Mount St.
Helensnetwork ............................. 805
Plots showing earthquake rate, square root of
energy release, and tremor periods ............ 806

Seismograms recorded at different relative gains for
six kinds of seismic events recorded at three
distances ................. ... 808
Time plots of high- and low-frequency earthquakes
occurring within 2 days of each major earth-
quake 810
Map showing extent and source area of Mount St.
Helens debris-avalanche deposits, and location of

Spirit Lake ........ ... .. .. .. .. il 822
Photograph, looking east, of debris avalanche from
distal margin ............ ... ... 823

Graph showing range of grain sizes for samples
taken from eight widespread localities on the debris
avalanche................ ... . ... ... 824
Photomicrograph of typical sand-sized grains from
the debris avalanche showing subangular to angular
shapes ........ ... .. 824
Graph showing results of direct shear tests on
avalanche material finer than 2 mm diameter recom-

pacted to adensity of 1.82g/cm® .............. 825
Profile of debris avalanche between Spirit Lake and
thetoeof theavalanche ...................... 825
Map of drainage system in the vicinity of Mount St.
Helens, Wash. .......... ... .. ... ........ 830
Approximate bed profiles of the North Fork Toutle
and Toutle Rivers, Wash. .................... 831
Selected model cross sections, North Fork Toutle
and Toutle Rivers, Wash. .................... 832
Simulated profiles of peak discharge along North
Fork Toutle and Toutle Rivers, Wash. ......... 833
Selected cross sections of the Cowlitz River channel
used in modeling studies ..................... 834

Plate 1 Geologic map of proximal deposits and features of

1980 eruptions . ...........oiiiiiiaani.. Pocket



NG

10

11

12
13

14
15

16
17

18

19

RERNR

]

27

TABLES

Summary of eruptive history of Mount St. Helens . 8
Partial sequence of air-fall tephra deposits at Mount

St.Helens .................................... 9
Percentage of SiO; in eruptive products of Mount
St.Helens .................................... 9

Missions for large-format oblique aerial
photographs, Mount St. Helens, March-October
1980 .o 32
Locations of eyewitnesses to the May 18 eruption 55
Time scale for Rosenquist photograph sequence . . 81
Displacement of identifiable points in the Goat
Rocks area relative to their positions on April 11,

1980 ... 141
Subsidence calculated using various magma source
depths ....................... P, 180
SO, emission rates at Mount St. Helens from
March 29 to December 19,1980 ............... 198
Monthly variations of CO,- and SO,-emission rates,
June to October 1980 ........................ 206

Changes in mean CO,-emission rates before erup-

tions .......... . 206
Analysesof gassamples .................. ... 223
Plume and fumarole analyses of gas from Mount St.
Helens from August to November 1980 ... ... .. 229
Analysis of fluid fromcold trap ............... 230
Results of chemical and isotopic analyses of waters
near Mount St. Helens ....................... 235
Chemical compositions of gases ............... 236
States of reaction of Pigeon Springs water with
respect to selected minerals ................... 237
Semiquantitative spectrographic analysis of sample
from fumarole in debris flow ................. 247
Minerals identified from fumarole encrustations at
Mount St. Helens ........................... 248
Analyses of SO,, Cl, F, and pH, Mount St. Helens
ash ... 252
Elemental composition of selected ash leachates . 253
Log of thermal infrared observations ........... 260
Excess thermal radiation, May 16, 1980 ........ 275
Temperature calibration for RS-14A scanner

8-14 um channel, August 13, 1948-1951 PDT ... 280
Temperature calibration for RS-14A scanner,
8-14 um channel, August 13, 1941-1943 PDT ... 281
Temperature calibration for RS-14A scanner,
8-14 pum channel, August 13, 0530 PDT ........ 281
Differential radiant exitance in W/m? for three
color-coded temperature levels at Mount St. Helens,
August 13, 1948-1951PDT ................... 283
Criteria for ranking of thermal effects on tree rem-
nants and on wood engulfed in the directed blast of
May 18, 1980, and an example of the data obtained

from trees examined at a single locality ......... 299
Generalized chronology of the deposit-forming
events, Mount St. Helens, Wash., 1980 ........ 302

31

32
33

35

37

38

39

41

42

43

45

47

49

51

52

Summary of emplacement and minimum tempera-
tures of pyroclastic flow deposits, May 18-October
17, 1980, Mount St. Helens, Wash. ............ 304
Comparison of radar target parameters for
orographic rain, thundershowers, and volcanic
ash ... ... 326
Specifications of radar systems ................ 326
Estimates of magma eruption rates on May 18 using
radar measurements of Plinian column heights .. 330
Ash-fall intensity estimated from physical
characteristics inferred for the initial ash cloud of the
May 18 eruption ................ ... .. ..., 331
Potential ash-fall amounts estimated from radar
observations ................. ... ... ... 332
Maximum heights of Plinian eruption columns at
Mount St. Helens ........................... 332
Particle-size distribution data from avalanche and
associated deposits .............. ... ... 371
In-place geotechnical properties ............... 374
Laboratory permeability measurements on samples
from avalanche and associated deposits . .. ... .. 374
Comparison of major-oxide and trace-element com-
positions of juvenile dacite from directed-blast
deposit with pumiceous dacite from pyroclastic-flow
and pyroclastic-fall deposits also erupted on
May 18 ... ... 416
Approximate time, location, and average velocity of
the peak stages of mudflows originating in the South
Fork and North Fork Toutle River, Wash., May 18,

1980 ... 485
Recognized eruptive events relating to pyroclastic-
flow deposits .................... .. L 493
Rheological observations on certain pyroclastic
flows ... 518
Sorting velocities of pumice fragments in pyroclastic
flows ... 521

Recommended observations to be made on
pyroclastic flows and pyroclastic-flow deposits . 523
Recommended observations to be made on eruption
clouds ... 524
Summary statistical data for plagioclase composi-
tions of pumice samples from 1980 lateral-blast and
pyroclastic-flow deposits of Mount St. Helens .. 527
Modal analyses of 1980 lateral-blast and pyroclastic-
flow deposits of Mount St. Helens .. ........... 530
Average values for bulk density, grain density, and
total pore space of gray dacite from the lateral-blast
deposits and of pumice lapilli from pyroclastic-flow
deposits of Mount St. Helens ................. 532
Average values and ranges of statistics for the
particle-size distributions of 1980 volcanic deposits
of MountSt.Helens ......................... 534
Particle-size distributions and statistics for
pyroclastic-flow deposits of the May 18, 1980, erup-
tionof Mount St. Helens . .................... 535
Particle-size distributions and statistics for
pyroclastic-flow deposits of the June 12, 1980, erup-
tion of Mount St. Helens ..................... 535



53

55

57

59

61

62

65

67

&

70

71

72

73

74

75

76

XXVi

Particle-size distributions and statistics for
pyroclastic-flow deposits of the July 22, 1980, erup-
tionof Mount St. Helens ..................... 537
Particle-size distributions and statistics for
pyroclastic-flow deposits of the August 7, 1980,
eruption of Mount St. Helens . ................ 537
Particle-size distributions and statistics for
pyroclastic-flow deposits of the October 16-18,
1980, eruption of Mount St. Helens ............ 538
Particle-size distributions and statistics for ash-cloud
deposits of the May 18, 1980, eruption of Mount St.
Helens ............... ... ... ... .......... 538
Particle-size distributions and statistics for surge
deposits of the May 18, 1980, eruption of Mount St.
Helens .............. ... .. . ... ... ... 539
Comparison of dome dimensions, altitudes, volume,
compositions, and dates of emplacement . . .. ... 542
Chemical analysis of June dacite dome ......... 550
Textural properties and magnetic susceptibility of
Mount St. Helens samples, 1980 ............... 553
Temperature dependence of thermophysical proper-
ties of Mount St. Helens dacite, based on June dome
fragment 6-29-80-2 ......................... 559
Volumes of volcanic deposits, Mount St. Helens,
May-June 1980 ............................. 562
Mount St. Helens energy vyield, May-October
1980 .. 563
Thermal energy yield of selected volcanic erup-
tions 565
Energy-dispersive X-ray fluorescence analysis of
bulk samples of Mount St. Helens ash and lithic
ejecta ... ... ... 574
Mass, volume, bulk density, and area covered by
the 0.1-g/cm? isomass contour ................ 592
Area and volume of air-fall ash of the May 18 erup-
tion compared with those of five older eruptions
from Mount St. Helens ...................... 596
Summary of magmatic eruptions, 1980 activity of
Mount St. Helens ........................... 632
Wet chemical analyses of juvenile eruptive products
from Mount St. Helens, May 18-October 1980 . . 633
X-ray fluorescence analyses of juvenile eruptive
products from Mount St. Helens, July 1980-January
1981 . 635
Average temperatures and oxygen fugacities for the
1980 eruptive sequence ...................... 642
Average composition of ilmenite in the 1980 erup-
tivesequence ................. ..., 644
Average composition of magnetite in the 1980 erup-
tivesequence ............ .. ... ... 645
Average composition of ilmenite in pumice of layer
Tandset W ................................ 646
Average composition of magnetite in pumice of
layer Tandset W ........................... 646
Mineralogic compositions of deposits erupted from
Mount St. Helens ........................... 654
Dissolved constituents, pH, and temperature of sur-
face waters collected at Mount St. Helens in early
June 1980 ............ .. 658

78

79

81

82

87

91

92

93

94

95

&

Percentages of elements removed from Mount St.
Helens tephra by leaching with distilled water . . . 659
Secondary phases that may result from alteration of
minerals or glass in a near-surface environment . . 659
Chemical analyses of tephra of the May 18, 1980,
eruption ........ ... ... il 672
Compositions of May 18 volcanic glass samples,
showing variation downwind, compared to compo-
sitions of May 18 bulk ash, older glass samples from

Mount St. Helens, and standard granite . . ...... 674
Instrumental neutron activation analyses of samples
of May 18 air-fallash ........................ 675

Chemical analyses of tephra of May 18, May 25,
June 12, and July 22 eruptions compared with
analyses of pre-1980 ash and summit-dome rock and
estimate of average composition of lithosphere . . 676
Minor- and trace-element concentrations in tephra
erupted during the early, nonmagmatic phase of ac-
tivity and on May 18, May 25, and June 12,
1980 ..o e 680
Chemical analyses of volcanic glass from May 18
ash compared with analyses of glass from older

ashes erupted by Mount St. Helens . ........... 681
Instrument parameters for Phillips PW1600 X-ray
spectrometer .................iiiiiaaiaa... 684

Analyses of seven igneous rock standards by X-ray
fluorescence spectroscopy using a Phillips PW1600
simultaneous spectrometer ................... 684
Comparison between conventional wet chemical
analyses and X-ray fluorescence analyses for
10 samples from Mount St. Helens, Wash. ... .. 685
Element selection and detection limits for Jarrell-Ash
induction-coupled argon plasma emission spec-
trometer
Analysis of U.S. Geological Survey reference stand-
ard G-2 by inductively coupled argon plasma emis-
SION SPECtrOSCOPY - . vvvvvvveniann.. 686
Minor- and trace-element analysis of volcanic ash by
inductively coupled plasma emission spectro-
SCOPY - vvvvvvveneennnnn e 686
Peak discharges exceeding 76,000 cubic feet per sec-
ond and corresponding river stages of Cowlitz River

at Castle Rock, Wash., 1927-78 ............... 698
Length of highways, roads, and railways destroyed
or extensively damaged ...................... 705

Days of shutdown and numbers of commercial
operations canceled due to ash accumulation at
eastern Washington airports .................. 714
Types of civil works and operations affected by
eruptive processes and products from Mount St.
Helens ............ ... ... ... i i, 717
Major, minor, and trace soluble constituents in
volcanicash ................................ 720
Variation in trace-metal content of surface water at
selected stations in Washington ............... 729
Composition of four lakes in the ash-fall area in cen-
tral Washington, synthetic freshwater medium, and
leachate from volcanic ash from Richland and Moses
Lake,Wash. ............ ... .. ..., 735



100

101

102

103

104

105

106

107

Composition of leachate of volcanic ash from
Richland and Moses Lake, Wash., after passing
through cation-exchange resin ................ 737
Concentration of trace metals and dissolved organic
carbon in cultures of Anabaena flos-aquae used for
bioassay experiments ........................ 738
Growth rates of duplicate Anabaena flos-aquae
cultures exposed to different fractions of leachates of
volcanic ash from Richland and Moses Lake,

Wash. ... .. 739
Changes in glacier area, depth, and volume as a
result of the May 18, 1980, eruption ........... 749

Variance analysis of constituents measured in
samples of Mount St. Helens ash and various
horizons of the Ritzville soil series ............. 766
Concentrations of metals in DTPA-NH,HCO, ex-
tracts of Mount St. Helens ash 11 and various
horizons of the Ritzville soil series ............. 768
Exchangeable cations and pH measured on samples
of Mount St. Helens ash and various horizons of the
Ritzville soil series ........................... 769
Concentrations of constituents measured in water-
saturation extracts of Mount St. Helens ash and
various horizons of the Ritzville soil series . ... .. 770
Loss on ignition and particle-size distribution
measured on samples of Mount St. Helens ash and
various horizons of the Ritzville soil series . . .. .. 771

108

109

110

111

112

113

114

115

116

117

Average concentration of elements in replicate
samples of club wheat at sites having varying depths
in volcanic ash south of Ritzville, Wash. ....... 774
Variation in the element concentrations in ash of
soft, white club wheat collected south of Ritzville,
Wash. ... . ... 778
Comparison of the element content of white winter
wheat from eastern Washington and red winter

wheat from the Northern Great Plains . ........ 780
Geological, geochemical, and geophysical changes
that occurred before significant eruptions . ... .. 818
Precursory phenomena that were not followed by
significant eruptions at Mount St. Helens . . . . ... 819
Factors of safety against slope failure for various
ground-water conditions ..................... 826
Calculated exit gradients, assuming homogeneous
permeability and two-dimensional flow ........ 827

Summary of peak discharges and elevations along
the North Fork Toutle and Toutle Rivers for three
assumed cases of the Spirit Lake dam failure . ... 833
Summary of peak discharges and elevations along
the North Fork Toutle, Toutle, and Cowlitz Rivers
for the Case II Spirit Lake dam failure .......... 834
Comparison of discharge simulated by computer
models using measured or estimated peak discharges
on the North Fork Toutle and Toutle Rivers for the
Elk Rock plug-dam failure .................... 835

Xxvii



AR

VOLCANIC EVE




VOLCANIC EVENTS

Although Mount St. Helens apparently had been
dormant since 1857, geologic studies of deposits
around the flanks of the volcano indicate that it
erupted frequently in the past and that the modern
cone has grown largely during the past 2,500 yr
(Mullineaux and Crandell). Eruptions of dacite as
pyroclastic flows, ash falls, and viscous lava domes
have alternated with lava flows of andesite and
basalt. During most eruptive periods, pyroclastic
flows and mudflows built fans of fragmental material
around the base of Mount St. Helens and partly filled
valleys leading away from the volcano. Before 1980,
Mount St. Helens was considered by some volcanolo-
gists to be the most likely of all Cascade volcanoes to
erupt in the near future, and among the most hazard-
ous because of the likelihood of explosive activity and
proximity to populated areas.

The 1980 activity of Mount St. Helens (Christian-
sen and Peterson) began on March 20 with an intensi-
fying swarm of earthquakes. The first steam-blast
eruption, a week later, was associated with continued
high levels of seismic activity, formation of a summit
crater, and beginning of deformation of the north
flank of the volcano. These processes continued inter-
mittently through April up to the climactic eruption
on the morning of May 18. The May 18 eruption was
apparently triggered at 0832 PDT by a magnitude-5+
earthquake, not appreciably different from many pre-
ceding quakes, that caused multiple failures of the
bulging north flank and produced great avalanches of
rock debris. Unloading of the volcano by these fail-
ures led to a northward-directed lateral blast, partly
driven by hydrothermal steam explosions, that devas-
tated an area of nearly 600 km?. These events in turn
triggered an explosive eruption of dacitic magma that
drove a vertical column more than 25 km high, pro-
ducing visible ash fall for more 1,500 km to the east,
and pumiceous pyroclastic flows on the volcano’s
north flank. Catastrophic mudflows and floods were
generated in part by rapid melting of snow and ice.
Smaller magmatic eruptions occurred on May 25,

June 12, July 22, August 7, October 16-18, and in late
December, producing pyroclastic flows, ash falls, and
several lava domes. Through December 1980, the
eruptions tended to become progressively smaller in
volume, slightly more mafic in composition, and less
explosive.

The 1980 Mount St. Helens eruptions were especi-
ally well documented, because proximity to major
population centers offered opportunities not com-
monly available for monitoring volcanic events in
remote areas. An aircraft equipped with USGS large-
format fix-mounted cameras, previously used for
monitoring glaciers in the Pacific Northwest, was
available throughout 1980 (Krimmel and Post). A
selection from hundreds of high-quality photographs
thus obtained documents surface deformation, crater
enlargement, and ash and snow cover before May 18.
On May 18, the castastrophic eruption was photo-
graphed from about at 1100 PDT until dark. Subse-
quent photographic coverage documents changes on
the volcano later in 1980.

Remarkable documentation of the May 18 eruption
also comes from ground-based photography and eye-
witness accounts (Rosenbaum and Waitt). Because
the eruption occurred under excellent weather condi-
tions in daylight hours on a weekend, observers were
present on all sides of the volcano. Observed
phenomena of importance to subsequent scientific
studies include small rock and ice avalanches that
marked the 0832 PDT earthquake, the massive
avalanches of the volcano’s north flank, the subse-
quent laterally directed blast, development of the ver-
tical eruption column, timing of mudflows, and the
fall of early eruptive products.

A remarkable sequence of photographs taken from
the northeast by Gary Rosenquist at intervals of 1-2 s
is especially useful in documenting events at the
beginning of the May 18 eruption (Voight). Analysis
of these photographs provides a time scale for the
beginning of the debris avalanche and directed blast,
as well as velocity estimates for these events. The
avalanche began 10-20 seconds after the 0832 earth-
quake, and near-source velocities of the directed blast
ranged from 50 to more than 200 m/s.
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THE ERUPTIVE HISTORY OF MOUNT ST. HELENS

By DONAL R. MULLINEAUX and DWIGHT R. CRANDELL

ABSTRACT

The eruptive history of Mount St. Helens began about
40,000 yr ago with dacitic volcanism, which continued intermit-
tently until about 2,500 yr ago. This activity included numerous
explosive eruptions over periods of hundreds to thousands of
years, which were separated by apparent dormant intervals rang-
ing in length from a few hundred to about 15,000 yr. The range of
rock types erupted by the volcano changed about 2,500 yr ago,
and since then Mount St. Helens repeatedly has produced lava
flows of andesite, and on at least two occasions, basalt. Other
eruptions during the last 2,500 yr produced dacite and andesite
pyroclastic flows and lahars, and dacite, andesite, and basalt air-
fall tephra. Lithologic successions of the last 2,500 yr include two
sequences of andesite-dacite-basalt during the Castle Creek
period, and dacite-andesite-dacite during both the Kalama and
Goat Rocks periods. Major dormant intervals of the last 2,500 yr
range in length from about 2 to 7 centuries.

During most eruptive periods, pyroclastic flows and lahars
built fans of fragmental material around the base of the volcano
and partly filled valleys leading away from Mount St. Helens.
Most pyroclastic flows terminated within 20 km of the volcano,
but lahars extended down some valleys at least as far as 75 km.
Fans of lahars and pyroclastic flows on the north side of the
volcano dammed the North Fork Toutle River to form the basin
of an ancestral Spirit Lake between 3,300 and 4,000 yr ago during
the Smith Creek eruptive period, and again during the following
Pine Creek eruptive period.

INTRODUCTION

Mount St. Helens (figs. 1-4) is a young volcano by
comparison with its neighbors in the Cascade Range,
and it has been characterized by intermittent explo-
sive behavior since its birth about 40,000 yr ago.

Before the May 18, 1980, eruption, the volcano was
as large as or larger than at any previous time in its
history, much of its bulk and shape having been ac-
quired during just the last 2,500 yr. This report sum-
marizes the eruptive behavior of the volcano
throughout its lifetime in order to provide a perspec-
tive for the eruptive events of 1980 which so drastic-
ally modified the shape of the volcano and devastated
broad areas beyond it.

Modern studies of Mount St. Helens started with
Verhoogen (1937), who outlined the general geologic
history of the volcano. He noted that the volcano is
young, that it consists of a wide variety of rock types,
and that the modern cone overlies an older volcano.
Lawrence (1939, 1954) was able to date, by growth-
ring studies of trees on the flanks of the volcano, a
major pumice eruption of Mount St. Helens that oc-
curred about A.D. 1800, as well as another such erup-
tion nearly 300 yr earlier. The two pumice deposits he
dated are now known as layers T and Wn, respec-
tively (Mullineaux and others, 1975, p. 329, 331).

Carithers (1946, p. 16, 18) described two thick
pumice layers from Mount St. Helens, a coarse, light-
yellow layer and an overlying coarse, light-gray
deposit. In addition, he noted scattered pumice
granules that are younger than the light-gray deposit.
These three deposits have since been designated
layers Yn, Wn, and T (Mullineaux and others, 1975,
p. 329, 331).

Our studies began in the late 1950’s, with an in-
vestigation of the origin and age of mudflow and
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Figure 1.—Location of Mount St. Helens relative to nearby
volcanoes in the Cascade Range.

fluvial deposits that dammed Silver Lake, 50 km
west-northwest of the volcano (Mullineaux and
Crandell, 1960, 1962). These studies confirmed the
relative youth of Mount St. Helens, inasmuch as the
youngest rocks of Verhoogen's “old Mount St.
Helens” were found to be only about 2,000 yr old.
Shortly thereafter, we discovered that two conspic-
uous layers of volcanic ash in Mount Rainier National
Park came, not from Mount Rainier, but from Mount
St. Helens (Crandell and others, 1962, p. Dé4). These
deposits, the tephra layers Yn and Wn, have been
subsequently identified in Canada by Fulton and
Armstrong (1965, p. 89) and Smith and others (1977,
p- 209), respectively.

In the late 1960's, Hopson (1971) began to prepare a
geologic map of the volcano, and to study evidence
for possible cyclic eruptive behavior of the modern

volcano. Also in the late 1960's, Hyde (1975; Greeley
and Hyde, 1972) started a detailed investigation of
volcanic deposits on the southern flank of Mount St.
Helens.

We began detailed stratigraphic studies in 1970 in
order to reconstruct the eruptive history of Mount St.
Helens. Our chief objective was to gather data for a
volcanic-hazards assessment that could serve as a
data base for long-range land-use planning; a second
goal was to collect information useful for hazards
mitigation, should an eruption occur. Although these
studies dealt with the entire history of the volcano,
we (Crandell and Mullineaux, 1978) based an assess-
ment of potential hazards on the events of the last
4,000 radiocarbon years (about 4,500 calendar years)
because this time span included a representative
variety of kinds and scales of eruptions. Furthermore,
this time span was preceded by an interval of similar
length of little or no activity. We concluded that
Mount St. Helens had been frequently active and
highly explosive during the last 4,000 yr and could
erupt within the next 100 yr—possibly even before
the end of the 20th century (Crandell and others,
1975, p. 438; Crandell and Mullineaux, 1978, p. C25).

A study by Hoblitt (Hoblitt and others, 1980),
which was virtually complete before eruptions began
in March, examined the stratigraphic sequences of
rock types produced during the last 1,500 yr and
evaluated the evidence for cyclicity or other
systematic trends in the eruptive behavior of the
volcano.

Information presented here concerning deposits
more than 4,000 yr old is largely summarized from in-
part unpublished work done by Crandell and by Mul-
lineaux. Ages of eruptive events and eruptive periods
are based primarily on 65 radiocarbon dates deter-
mined in the radiocarbon laboratory of the U.S. Geo-
logical Survey under the supervision of Meyer Rubin.
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Figure 2.—Pre-1980 cone of Mount St. Helens, showing major topographic features
and drainages leading from the volcano.



Figure 3.—Mount St. Helens from the northeast, showing relatively smooth, uneroded profile prior to 1980, the fan of
debris that dammed preexisting valleys to form Spirit Lake, and the following plug domes that studded its northern

flank: Dogs Head (D), Sugar Bowl (S), Goat Rocks (G).

ERUPTIVE PERIODS AT
MOUNT ST. HELENS

The eruptive history of Mount St. Helens is sub-
divided here into nine named eruptive “periods,”
which are clusters of eruptions distinguished by close
association in time, by similarity of rock types, or
both (table 1). The term “eruptive period” is used in
an informal and largely arbitrary sense to divide the
volcano’s history into convenient units for the pur-
pose of discussion. The periods are as much as several
thousand years in duration, and include what may
have been a single group of eruptions as well as ex-
tended episodes of volcanism, during which there

were tens or possibly hundreds of eruptions. Eruptive
periods are separated by apparently dormant inter-
vals, which are inferred chiefly from buried soils and
absence of eruptive deposits. However, some dor-
mant intervals may span times of minor activity that
did not produce deposits which can now be recog-
nized. Fine-grained, air-laid volcanic detritus was
deposited during some dormant intervals (table 2),
but these deposits are not known to have originated
directly from eruptions; they might be material
reworked from the flanks of the volcano.

The stratigraphic record of eruptive activity during
the last 13,000 yr is believed to be reasonably com-
plete. Parts of the older record, however, apparently
are missing because of glacial and stream erosion



Figure 4.—Mount St. Helens from the southwest. Dark andesite flows of Kalama age include a lava-flow complex on the
southeast flank of the volcano, and single flows on the southwest flank. Dacite of the summit dome forms the slopes

above the lava flows. Photograph by R. P. Hoblitt, 1979.

during the last major glaciation (the late Pleistocene
Fraser Glaciation) of the region.

APE CANYON ERUPTIVE PERIOD

The first stratigraphic evidence of the existence of
Mount St. Helens consists of voluminous dacitic
(table 3) deposits of slightly vesicular to pumiceous
air-fall tephra and pyroclastic flows, and at least one
pumice-bearing lahar. These deposits overlie exten-
sively weathered glacial drift formed during the next-
to-last alpine glaciation of the Cascade Range. The
volcanic deposits were formed during at least four
episodes, separated by intervals during which very
weak soils developed (table 2). The entire eruptive
period may have extended over a time span as long as
5,000 yr. One pumiceous tephra deposit produced

during the period probably had a volume as great as
that of any subsequent tephra erupted at Mount St.
Helens.

The Ape Canyon eruptive period was followed by
a dormant interval which may have lasted from about
35,000 to 20,000 yr ago. Most of this 15,000-yr inter-
val coincided with climates which, at times, were
evidently somewhat cooler than those of the present
(Alley, 1979, p. 233).

COUGAR ERUPTIVE PERIOD

The second eruptive period probably began about
20,000 yr ago, and was characterized by the eruption
of small volumes of pumiceous dacite tephra; it also
produced lahars, pyroclastic flows of pumiceous and
lithic dacite, a few lava flows of dacite or high-silica



Table 1.—Summary of eruptive history of Mount St. Helens
[d, dacite; a, andesite; b, basalt; >, greater than]

Eruptive periods or Approximate age, Tephra unit Other eruptive products2
dormant intervals years before 1950 Set Layer
Goat Rocks 150-100 Dome (d).
Lava flow (a).
T (d)
Dormant interval of about 200 yr3
Kalama 450-350 Pyroclastic flows (d).
Dome (d).
Pyroclastic flows (a).
Lava flows (a).
X (a)
Pyroclastic flows (d).
W (d)
Dormant interval of about 700 yr
Sugar Bowl 1,150 Dome (d), pyroclastic flows (d),
deposits of lateral blast (d).
Dormant interval of about 600 yr
Castle Creek 22,200-1,700 Bu (b) Lava flows (b).
Bi (d)
B Pyroclastic flow (a), lava flow (a).
Bo (a)
Lava flow (b).
Pyroclastic flow (d).
Bh (a)
Lava flow (a).
Dormant interval of about 300 yr
Pine Creek 3,000-2,500 P (d) Pyroclastic flows and domes (d).
Dormant interval of about 300 yr
Smith Creek 4,000-3,300 Y (d) Pyroclastic flows (d).
Dormant interval of >4,000 yr
Swift Creek 13,000->8,000 J (d)
Pyroclastic flows (d) and domes (d).
S (d) Pyrorlastic flows (d).
Dormant interval of about 5,000 yr
Cougar 20,000-18,000 K (d) Pyroclastic flows (d), domes (d),
and a few lava flows (d).
M (d)
Pyroclastic flows (d).
Dormant interval of about 15,000 yr
Ape Canyon ~40,000(?)-~35,000 Cc (d) Pyroclastic flows (d).

lAges of Goat Rocks and Kalama periods are in calendar years; ages of older periods are in radiocarbon years.

Lahars were formed during many eruptive periods but are not included here.

Dormant intervals are intervals during which no unequivocal eruptive products from Mount St. Helens have been
recognized.



Table 2.—Partial sequence of air-fall tephra deposits at  Table 3.—Percentage of SiO; in eruptive products of
Mount St. Helens Mount St. Helens
[Calculated water free and to sums of 100 percent]

Eruptive Other air-
periods or Tephra unit Fe-Mg laid deposits Si0
L d d 2
dormant Set ayer  phenocrysts (d)“ an Eruptive Product (nearest
intervals soils (s)
period whole
Goat Rocks T hy, hb, ag percent)
Dormant interval Goat Rocks Dome: 63
X Andesite lava flow-—w=————————e 60
64
Kalama We hy, hb Tephra layer T
W Wi h; hb
" i Kalama: Dome 64
Dormant interval s Andesite pyroclastic flow—————- 57
Andesite lava flow-———-==e———-- 58
Sugar Bowl3 Tephra set X (base)=—————————c= 58
Dacite pyroclastic flow——====— 64
Dormant interval Tephra layer We 66
B Bu o1 Tephra layer Wn 68-65
Bi hy, ag
Castle Creek o ol, ag Sugar Bowl Dome: 69
Bh hy, ag Blast deposit 69
Dormant interval d Castle Creek--—- Tephra layer Bu 50
Tephra layer Bi-==—————ceee-- -— 67
Pine Creek P hy, hb Basalt lava flow 50
Tephra layer Bo 57
Dormant interval : Tephra layer Bh 59
Y Ye cm, hb Pine Creek----—- Dacite pyroclastic flow-——- 64
Smith Creek Yn cm, hb Tephra set P (base) 66
Yb cm, hb, bt
Smith Creek---- Tephra set Y (top)-==———————cw=-- 69
Dormant interval s Lithic pyroclastic flow———-=—=-- 65
Tephra layer Yn 66
J hy, hb
Swift Creek s n. b b d Swift Creek—---- Tephra set J 62
S > e Dacite pyroclastic flow 65
Sg cm, hb, hy
(pre-J, post-S).
s Tephra layer Sg 63
Dormant interval d Dacite pyroclastic flow (pre-S) 67
K cm, hb Cougar----=-—--— Dacite pyroclastic flow==———e==- 62
: Dacite pyroclastic flow==————=-= 62
Cougar
M Mm cm, hb, hy e Dacite nvrnelactiec £1oWem oo ———
Mp cm, hb, hy Ape Canyon Dacite pyroclastic flow: 68
Mo cm, hb, ol
s
Dormant interval g
d
C Cy cm, hb, bt
s
d
Ape Canyon s
d
Cw cm, hb, bt

1Minerals used for identification of tephra units: ag,

augite; bt, biotite; cm, cummingtonite; hb, hornblende; hy,
hypersthene; ol, olivine.

These fine-grained deposits are interbedded with
tephra, but their origin has not been determined.

Air-fall tephra deposits associated with the Sugar
Bowl eruptive period have not been recognized.



andesite (C. A. Hopson, written commun., 1974),
and perhaps one or more dacite domes. Several dif-
ferent eruptive episodes can be identified during the
period. At least one pumiceous pyroclastic flow
moved southward to at least 16 km from the center of
the present volcano about 20,350 yr ago (Hyde, 1975,
p. B11-B13). Two sequences of air-fall tephra that
followed (sets M and K) are separated by a two-part
deposit of fine air-laid sediment that locally is a meter
or more thick, and that contains at least one weakly
developed soil (table 2). After another quiet interval
during which there was a small amount of soil devel-
opment, at least two more pyroclastic flows moved
south and southeast from the volcano between about
19,000 and 18,000 yr ago. The Cougar eruptive
period occurred during the Fraser Glaciation when
alpine glaciers in the Cascade Range were at or near
their maximum extents, and the products of eruptions
generally are poorly preserved.

One lahar that apparently occurred early in the
Cougar period is of special interest because of some
similarities to the debris avalanche of May 18, 1980,
that swept down the North Fork Toutle Valley. The
lahar of Cougar age consists of an unsorted and
unstratified mixture of gray dacite fragments in a
compact matrix of silt and sand as much as 20 m
thick. Locally, it contains discrete texturally similar
masses of red dacite many meters across. The iron-
magnesium mineral content of rocks in the lahar is
similar to that of the Ape Canyon period (table 2),
suggesting that the lahar might have been derived
from older parts of the volcano. The lahar was
recognized in the Kalama River drainage 8 km
southwest of the center of the modern volcano, and
on both walls of the Lewis River valley near Swift
dam (Hyde, 1975, p. B9-B11). It has not been recog-
nized elsewhere; thus, little is known of its original
extent. Its local thickness and heterolithologic
character suggest that the lahar might have originated
in a large slope failure on the south side of the Mount
St. Helens of early Cougar time.

There is no known stratigraphic record of volcan-
ism at Mount St. Helens between about 18,000 and
13,000 yr ago.

SWIFT CREEK ERUPTIVE PERIOD

The third eruptive period was characterized by
repeated explosive eruptions that initially produced
many pyroclastic flows as well as pumiceous air-fall
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tephra deposits (table 2, set S), some of which had
large volumes and extended at least as far east as cen-
tral Washington. These eruptions of dacite pumice
were followed by many lithic pyroclastic flows,
which are believed to have been derived from domes;
at least one of these pyroclastic flows reached a point
21 km from the center of the present volcano. The
pyroclastic flows were followed, in turn, by another
series of explosive eruptions that produced the
voluminous tephra set J (table 2). One coarse pumice
layer of set ] extends west-southwest from Mount St.
Helens, and is as much as 20 cm thick as far as 20 km
from the volcano. This layer represents the only
coarse and thick pumice known to have been carried
principally in a westerly direction. The sequence of
explosive eruptions that formed set ] apparently
ended the Swift Creek eruptive period sometime
before 8,000 yr ago, and was followed by a quiet
period of at least 4,000 yr.

SMITH CREEK ERUPTIVE PERIOD

Multiple explosive eruptions of the Smith Creek
eruptive period, which began about 4,000 yr ago, ini-
tiated at least 700 yr of intermittent and at times
voluminous eruptive activity. Three coarse pumice
layers at the base of tephra set Y are overlain by
layers of denser, somewhat vesicular tephra. Deposi-
tion of these units was followed by an interval during
which a soil began to develop on the tephra. The next
eruption of the period produced the most voluminous
and widespread tephra deposit of the last 4,000 yr; it
is one of the largest, if not the largest, in the history of
the volcano, and has an estimated volume of at least
3 km?®. The resulting pumice layer, Yn, has been
found nearly 900 km to the north-northeast in
Canada (Westgate and others, 1970, p. 184). The for-
mation of this layer was followed shortly by another
voluminous eruption of tephra, which resulted in
layer Ye (Mullineaux and others, 1975, p. 331), then
by a pumiceous pyroclastic flow and a coarse lithic
pyroclastic flow. The lithic pyroclastic flow was ac-
companied by clouds of ash that spread at least a kilo-
meter beyond the sides of the flow and as much as
2 km beyond its front. Many smaller eruptions of
lithic and moderately vesicular ash and lapilli fol-
lowed, perhaps within a few years or tens of years.

Lahars and pyroclastic flows of Smith Creek age
formed a fan north of the volcano, and lahars ex-
tended down the North Fork Toutle River at least as



far as 50 km downvalley from Spirit Lake. An
ancestor of the lake probably came into existence at
this time, dammed in the North Fork valley by the fan
of lahars and pyroclastic-flow deposits. It is not
known if the lake ever existed before Smith Creek
time.

A dormant interval of apparently no more than a
few hundred years followed the Smith Creek eruptive
period.

PINE CREEK ERUPTIVE PERIOD

Although only a short time elapsed between the
Smith Creek and Pine Creek periods, eruptive prod-
ucts of Pine Creek age contain an iron-magnesium
phenocryst assemblage that is distinctly different
from those of Smith Creek age (table 2). During the
Pine Creek eruptive period, large pumiceous and
lithic pyroclastic flows moved away from the volcano
in nearly all directions. The lithic pyroclastic flows,
some of which extended as far as 18 km from the pres-
ent center of the volcano, are believed to have been
derived from dacite domes. Eruptions of dacitic air-
fall tephra were of small volume, but at least four
formed recognizable layers as far away as Mount
Rainier (Mullineaux, 1974, p. 36).

During this time, lahars and fluvial deposits ag-
graded the valley floors of both the North and South
Fork Toutle River, and created the basin of Silver
Lake 50 km west-northwest of the volcano by block-
ing a tributary valley (Mullineaux and Crandell,
1962). Similar deposits also formed a continuous fill
across the floor of the Cowlitz River valley near Cas-
tle Rock (fig. 1) that was about 6 m above present
river level; this fill probably extended 20 km farther
to the mouth of the Cowlitz River. Lahars and fluvial
deposits formed a similar fill in the Lewis River valley
which, near Woodland, was about 7.5 m higher than
the present flood plain (Crandell and Mullineaux,
1973, p. A17-A18).

The eruptions of Pine Creek time extended over a
period of about 500 yr. No single eruption of very
large volume has been recognized from deposits of
Pine Creek age, and the period seems to have been
characterized by many tens of eruptions of small to
moderate volume and the growth of one or more
dacite domes. Some radiocarbon dates on deposits of
Pine Creek and Castle Creek age overlap, and if the
two eruptive periods were separated by a dormant in-
terval, it must have been short.

CASTLE CREEK ERUPTIVE PERIOD

The next period of activity marked a significant
change in eruptive behavior and variety of rock types
being erupted at Mount St. Helens (tables 1, 3).
During the Castle Creek eruptive period, both ande-
site and basalt were erupted as well as dacite, and
these rock types evidently alternated in quick succes-
sion. The overall sequence includes, from oldest to
youngest, andesite, dacite, basalt, andesite, dacite,
basalt (table 1).

Thus, the stratigraphic sequence of Castle Creek
time is complex, and not all stratigraphic units are
represented on all sides of the volcano. Northwest of
Mount St. Helens, in the Castle Creek valley, the se-
quence preserved includes the following:

Lava flow of olivine basalt (youngest)

Lava flow of hypersthene-augite andesite

Tephra deposit of olivine-augite andesite scoria
(layer Bo)

Pyroclastic-flow deposits of hypersthene-dacite
pumice

Tephra deposit of hypersthene-augite andesite
scoria (layer Bh)

Lava flow and lahars of hypersthene-augite
andesite (oldest)

The pumiceous pyroclastic-flow deposits have a
radiocarbon age of 2,000-2,200 yr. Deposits and
rocks of Castle Creek age on the south and east flanks
of the volcano include pahoehoe basalt lava flows
whose radiocarbon age is about 1,900 yr, and pumi-
ceous dacite tephra whose age is about 1,800 yr (layer
Bi, fig. 5; tables 1, 2). East of the volcano, layer Bi
overlies a pyroclastic-flow deposit of pyroxene
andesite, and directly underlies thin olivine basalt
lava flows which probably are correlative with the
uppermost unit in the Castle Creek valley. The Dogs
Head dacite dome was extruded before those thin
olivine basalt flows, probably during the Castle
Creek eruptive period. Layer Bu is the youngest
tephra of Castle Creek age; it underlies a deposit
whose radiocarbon age is about 1,620 yr. This tephra
is basaltic and probably was formed when thin oli-
vine basalt lava flows were erupted near the end of
the Castle Creek period.

Castle Creek time marked the start of eruptions
that built the modern volcano. It is interesting to note
that the change in eruptive behavior from that of the
preceding 35,000-plus years did not follow a long
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period of dormancy like several that occurred during
Mount St. Helens’ earlier history. The dormant inter-
val that followed Castle Creek time apparently lasted
about 600 yr.

SUGAR BOWL ERUPTIVE PERIOD

During the next 1,200 yr, the only eruptions
recorded at Mount St. Helens are those associated
with the formation of Sugar Bowl, a dome of hyper-
sthene-hornblende dacite at the north base of the
volcano. During extrusion of the dome, a directed
blast carried rock fragments laterally northeastward
in a sector at least 50° wide and to a distance of at
least 10 km. The resulting deposits are as much as 50
cm thick and consist of ash, lapilli, and breadcrusted
blocks of dacite from the dome, fragments of char-
coal, and stringers of material eroded from the under-
lying soil. A single fragment of charcoal from within
the deposit has a radiocarbon age of about 1,150 yr,
whereas a sample of wood charred and buried by the
deposit has an age of about 1,400 yr (Hoblitt and
others, 1980, p. 556). We provisionally assign an age
of about 1,150 yr to the blast deposit; the older date
may have been obtained from a fragment of a mature
tree that was overridden by the blast.

A pyroclastic-flow deposit of breadcrusted blocks,
as well as prismatically jointed blocks of dacite of the
same composition as the dome, was found on the
north slope of Mount St. Helens downslope from
Sugar Bowl; this pyroclastic flow may have occurred
at the time of the lateral blast. Three lahars contain-
ing breadcrusted blocks of similar dacite were for-
merly exposed in the North Fork Toutle River valley
west of Spirit Lake. These lahars may have been
caused by melting of snow by the lateral blast or by
the pyroclastic flow.

East Dome, a small dome of hypersthene-
hornblende dacite at the east base of the volcano,
may have been formed at about the same time as the
Sugar Bowl dome. East Dome is overlain by tephra of

Figure 5.—Young tephra sequence 8 km southeast of the
former summit. Pale dacite tephras (sets Y and P) are
overlain by tephras of Castle Creek and younger periods
that include dark andesite tephras of layers Bh and Bo,
pale dacite pumice of layer Bi that is about 1,800 yr old,
dark basalt tephras of layer Bu, and white dacite pumice of
set W.

the Kalama period but not of the Castle Creek period,
and could have been formed anytime between the
Castle Creek and Kalama eruptive periods, a time
span of about 1,200 yr.

KALAMA ERUPTIVE PERIOD

Most of the rocks visible at the surface of the
volcano before eruptions began in 1980 were formed
during the Kalama eruptive period. Although the
range in radiocarbon dates and ages of trees on
deposits of Kalama age suggest that the eruptive
period lasted from nearly 500 to 350 yr ago, all the
events described here probably occurred during a
shorter time span, perhaps less than a century.

The Kalama eruptive period began with the ex-
plosive eruption of a large volume of dacite pumice
(layer Wn), which forms the basal part of tephra set
W (table 2). Layer Wn was deposited northeastward
from the volcano across northeastern Washington
and into Canada (Smith and others, 1977, p. 209) and
was followed by additional pumice layers. At about
the same time, pyroclastic flows of pumiceous and
lithic dacite moved down the southwest flank of the
volcano. The relative timing of these events is poorly
known because most of the air-fall tephra was carried
eastward and northeastward, whereas the pyroclastic
flows have been found only on the southwest flank of
Mount St. Helens.

A short time later, scoriaceous tephra of andesitic
composition (table 2, set X) was erupted. In addition,
andesite lava flows extended down the west, south,
and east slopes of the volcano, and andesite pyro-
clastic flows moved down the north, west, and south
flanks.

These eruptions of andesite were followed by the
extrusion of the dacite dome that formed the summit
of the volcano (fig. 4) before the May 18, 1980, erup-
tion. Avalanches of hot debris from the dome spilled
down over the upper parts of the preceding lava
flows, and some of this hot debris partly filled chan-
nels between levees of the andesite lava flows on the
south side of the volcano (Hoblitt and others, 1980,
p. 558). Late in this eruptive period, a pyroclastic
flow of pumiceous dacite moved northwestward from
the volcano down the Castle Creek valley and cov-
ered lahars of summit-dome debris. Charcoal from
the pyroclastic-flow deposit has a radiocarbon age of
about 350 yr (Hoblitt and others, 1980, p. 558).

13



The Kalama eruptive period was characterized by
frequent volcanism of considerable variety; rock
types being erupted alternated from dacite to andesite
and back to dacite, and the volcano grew to its
pre-1980 size and shape. The eruptive period was
followed by a dormant interval of about 200 yr.

GOAT ROCKS ERUPTIVE PERIOD

The Goat Rocks eruptive period began about A.D.
1800 with the explosive eruption of the dacitic pumice
of layer T. This pumice was carried northeastward
across Washington to northern Idaho (Okazaki and
others, 1972, p. 81) and apparently was the only
eruptive product of that time. Many minor explosive
eruptions of the Goat Rocks period were observed by
explorers, traders, and settlers from the 1830's to the
mid-1850s. The Floating Island Lava Flow (andesite)
(fig. 2) was erupted before 1838 (Lawrence, 1941,
p- 59) and evidently was followed by extrusion of the
Goat Rocks dacite dome on the north flank of the
volcano (Hoblitt and others, 1980, p. 558).

The last eruption of the Goat Rocks eruptive period
was in 1857, when “volumes of dense smoke and fire”
were noted (Frank Balch, quoted in Majors, 1980,
p- 36). A recent study of old records has suggested
that minor eruptions of Mount St. Helens also oc-
curred in 1898, 1903, and 1921 (Majors, 1980,
p. 36-41). The published descriptions of these events
suggest that they were small-scale steam explosions,
and none produced deposits that were recognized in
our studies.

DISCUSSION

One of the most interesting features of Mount St.
Helens' history is the change in eruptive behavior that
occurred about 2,500 yr ago. Eruptions of dacite had
characterized the volcano for more than 35,000 yr.
Then, with virtually no interruption in eruptive activ-
ity, andesite and basalt began to alternate with dacite,
and not always in the same order. The chemical com-
position of eruptive products changed gradually
during some episodes and abruptly during others.
Thus, basalt followed dacite and dacite succeeded ba-
salt; andesite followed dacite of considerably differ-
ent SiO, content, and vice versa (table 3). Some of
these changes in composition of eruptive products are
not adequately explained as results of eruption of
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cyclic sequences of compositionally different magmas
derived from successively deeper levels in a larger
magma body that differentiated at shallow depth, as
proposed by Hopson (1971) and Hopson and Melson
(1980). An alternative explanation that fits the strati-
graphic record better, suggested by R. E. Wilcox (oral
commun., 1974), is that some changes resulted from
repeated contributions from more than one magma
body, or from different parts of an inhomogeneous

magma.
Explosive eruptions of volumes on the order of 0.1
to 3 km?® have occurred repeatedly at Mount St.
Helens during some eruptive periods in the past. This
record suggests that a similar sequence could occur
during the present period of activity and could result
in one or more explosive magmatic eruptions of simi-
lar or larger volume than the eruption of May 18. If
the lengths of the last two eruptive periods are a valid
guide to the future, we might expect intermittent
eruptive activity to continue for several decades.
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THE 1980 ERUPTIONS OF MOUNT ST. HELENS, WASHINGTON

CHRONOLOGY OF THE 1980 ERUPTIVE ACTIVITY

By ROBERT L. CHRISTIANSEN and DONALD W. PETERSON

ABSTRACT

Mount St. Helens, which had been dormant since 1857, became
active in late March 1980 with a swarm of earthquakes that in-
creased quickly to extremely high rates. Eruptions began on
March 27 with a short crater-forming event. Steam-blast erup-
tions of lithic-crystal ash continued intermittently from the sum-
mit crater through April 22, paused until May 7, then recurred
through May 14. Throughout the period from March 27 through
the morning of May 18, rapid major deformation of the north
flank gave dramatic indications of magmatic intrusion into the
volcano.

The climactic eruption began at 0832 PDT on May 18, prob-
ably triggered by an earthquake of magnitude S that caused
failure of the bulging north flank as a 2.3-km*® rockslide-
avalanche. This failure rapidly unloaded the volcanic edifice,and
probably caused the water in its hydrothermal system to flash to
steam, initiating a series of northward-directed hydrothermal
blasts that devastated an area of 600 km?. These events in turn
triggered a 9-hr dacitic magmatic eruption that drove a Plinian
column more than 20 km high, producing ash fallout for more
than 1,500 km to the east as well as pumiceous ash flows on the
volcano’s north flank. Catastrophic mudflows and floods were
generated from rapid melting of snow and ice and water derived
from the avalanche.

Smaller but significant magmatic eruptions occurred on
May 25, June 12, July 22, and October 16-18; each lasted as long
as several hours and produced eruption columns more than
10 km high, dacitic fallout, and pumiceous ash flows. A dacitic
dome emplaced during or after the June eruption was partially
reamed out in the pyroclastic eruption of July 22. Another dome
emplaced after the August eruption was removed and then re-
placed by a third dome during the mid-October eruption. During
the times that they remained intact, each of these domes appeared
to act as a leaky plug to gas emissions through the volcano’s cen-
tral crater vent. Occasional violent gas emissions between major
eruptions produced brief eruption plumes to heights of a few

kilometers. Beginning in late December and continuing through
the end of 1980, a new dome was emplaced and grew rapidly to
the accompaniment of increased seismicity and gas emissions.

INTRODUCTION

The Mount St. Helens eruptions of 1980 included a
variety of events—swarms of earthquakes, premag-
matic steam-blast eruptions, a massive rockslide ava-
lanche that triggered a low-angle directed blast and a
voluminous vertical eruption column, destructive
mudflows and floods, pumiceous pyroclastic flows,
and lava domes. This report gives a brief summary of
the most important events and provides a chrono-
logic framework into which topical papers that follow
can be fitted. Photographs are by R. L. Christiansen
unless otherwise noted.
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Dave, who was present through all of the activity up
to the climactic eruption and who lost his life in that
eruption, provided far more than data. His insights
and his thoroughly scientific attitude were crucial to
the entire effort; they still serve as a model for us all.

INITIAL PERIOD OF SEISMIC AND
STEAM-BLAST ACTIVITY

On March 27, 1980, Mount St. Helens, in the
Cascade Range of southern Washington (figs. 1, 3)
erupted for the first time in about a century and a
quarter. This volcanic eruption, the first in the con-
terminous United States since the end of a long series
of eruptions at Lassen Peak in California that lasted
from 1914 to 1917, afforded the first opportunity to
study an erupting Cascade volcano since the advent
of modern volcano-monitoring techniques. Mount
St. Helens itself had not erupted since 1857, at the end
of a decades-long period of intermittent activity.

The first major event of the 1980 activity was an
earthquake of magnitude 4.0+ at 1547 PST* on March
20 (day 80:23:47 UT). The swarm of earthquakes in-
creased rapidly to a climax in the late afternoon of
March 25, when 24 earthquakes of magnitude 4 and
greater occurred during an 8-hr period. Overflights on
March 24 had indicated no major changes in the ap-
pearance of Mount St. Helens other than avalanches of
snow and ice. Additional overflights on March 25,
during the peak of seismic activity, revealed several
new fractures through glaciers high on the mountain
and numerous additional large rockfalls and ava-
lanches. None of the new fractures, however, coin-
cided with the larger fractures that later formed across
the summit area; the fractures that formed on
March 25 probably resulted directly from ground
shaking and the accelerated downslope movement of
glacial ice on the volcanic edifice. After March 25,
seismicity declined somewhat but remained at a high
level, with about 30 events per day having a magni-
tude of 3 or greater (6/day of magnitude 4 or greater).

The first eruption occurred in the early afternoon
of March 27. Although extensive cloud cover had
hidden the volcano from the air since the morning of

!Times in this volume are local times and are expressed on a 24-hr scale. Before
April 27 and from October 26 through the end of the year, they are Pacific Standard
time (PST), which is Universal Time (UT) less 8 hr; between April 27 and October
25, they are Pacific Daylight Saving time (PDT), which is UT less 7 hr.
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March 25, a loud boom was widely heard at 1236 PST
on March 27. Aerial observers reported a dark dense
column of volcanic ash rising through the clouds,
eventually to a height of 2,000 m above the volcano.

With clearing weather later in the afternoon,
several changes were conspicuous on the mountain.
A new crater about 60-75 m across had formed in the
northern part of the old 400-m-wide ice-filled summit
crater, and snow on the southeast sector of the
volcano was covered by dark ash emitted from the
new crater (fig. 6). The summit area was bisected by
an east-trending fracture nearly 1,500 m long that ex-
tended from high on the northwest flank, across the
old crater, down the upper northeast flank. Another
less continuous fracture system paralleled this master
fracture just north of the old crater rim and bounded
the south side of a newly uplifted block, or bulge, on
the volcano’s north flank. These changes clearly had
occurred during the period of extremely high seismic-
ity and initial eruption, between observations on the
morning of March 25 and the afternoon of March 27.
One observer, David Gibney—an aerial spotter of the
U.S. Forest Service (oral commun., 1980)—reported
seeing the large fractures open and close and the
uplifted north flank continue to break and rise during
the few hours after the first eruption.

A second explosive eruption, beginning at about
0200 on March 28 and lasting nearly 2 hr, was ob-
served from the air. Ash from that eruption spread
for many kilometers to the east of the volcano. By
nightfall on March 28, at least a dozen more eruptions
had occurred, many of them lasting only a few

Figure 6.—Summit area of Mount St. Helens. Aerial view
on the afternoon of March 27 looking east, showing newly
formed crater, swath of dark new ash mainly to southeast
of new crater, an east-west fault across middle of summit
area, and an uplift or bulge on upper north flank of the
volcano. Photograph by David Frank.



minutes but some for nearly an hour. Poor weather
hampered observations on all of these days. By
March 29, however, clear views of the summit re-
vealed the presence of a second larger crater west of
the one first seen on March 27 (fig. 21). A septum
about 10 m wide separated the two craters. Pale-blue
flames were first observed on the night of March 29
and were subsequently observed in each of the two
craters.

On April 1, a weak burst of harmonic tremor lasted
for about 5 min, but stronger tremor bursts the next
day were recorded by seismometers as far away as
100 km. Sporadic harmonic tremor continued until
April 12, but these tremor bursts could not be cor-
related directly with the visible character or intensity
of eruptive events. The frequency, duration, and in-
tensity of eruptive blasts gradually decreased until
April 22, when eruptions temporarily ceased. Erup-
tions had declined in frequency from an average of
about 1/hr in March to about 1/day by the end of
this first period of activity.

The eruptions of this first period produced only
lithic-crystal ejecta, composed of fragments of preex-
isting rocks. All of this material was emitted from
vents in the new summit craters, which were repeat-
edly reamed. By April 7, the septum separating the
two craters had broken down entirely, and the
enlarged single crater grew to about 500 m from west
to east and about 300 m north to south (fig. 7). By
late in the month, the crater was about 100-250 m
deep. (Its rim was highly irregular in elevation.)

As eruptive activity declined slowly through early
and mid-April, earthquakes continued at still im-
pressive rates, generally more than 30/day of
magnitude 3 or greater. Many of these earthquakes
were large enough to be felt strongly on and im-
mediately adjacent to the volcano. All were very
shallow, however, and few were felt very far from the
volcano. The epicenters were confined to a small area
that coincided with the uplift or bulge on the
volcano’s north flank. These frequent shallow earth-
quakes triggered numerous avalanches, which were
concentrated around the northern sector of the moun-
tain. Most avalanches started on the upper slopes of
the volcano where ashfall was heaviest; because they
involved dark ash-laden snow, the avalanche
deposits stood out prominently and were at first

mistaken for mudflows.
After eruptive activity ceased temporarily on
April 22, fumaroles vented continuously within the

Figure 7.—Summit area of Mount St. Helens. Aerial view,
April 12, looking southwest, showing enlargement and
coalescence of crater complex and further increase in relief
on east-west fault.

crater, in contrast to earlier conditions, when the
crater generally was clear between eruptions. The most
continuous and generally largest fumarole was on the
south wall just above the eastern part of the crater
floor. The fumaroles could not be sampled because of
frequent ice avalanches from the crater wall above, but
a water sample was collected from a small pond on the
eastern crater floor. Chemical analysis of the water in-
dicated high chloride, sulfate, and ammonia, relative
to local snowmelt, suggesting a contribution to its
composition by fluids of deeper origin.

Small eruptions resumed on May 7 and continued
sporadically through May 14; these eruptions were
similar to those of March and April. A general descrip-
tion can be applied to all of the pre-May 18 eruptions.
In a few events, columns of ash and condensed steam
rose as high as 3,000 m above the crater floor. Gener-
ally, however, the gas-driven bursts of ash-laden
material rose less than 500 m above the vents, above
which condensed steam billowed in white clouds. Col-
lected samples of distal ejecta consisted entirely cf
lithic-crystal ash; at the crater rim, the ejecta also in-
cluded abundant blocks of dacite from the summit
dome and sparse blocks of more mafic rock types from
the volcanic edifice. The eruptions consisted of inter-
mittent blasts at intervals of a few minutes to several
hours that varied greatly in size and duration. The
smaller eruptions were confined to the crater; some
consisted of only a single blast. Larger ones lasted as
long as several hours, with individual pulsating blasts
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occurring up to several times per minute, emitting
clouds that reached 1,500-3,000 m above the crater.
Varying winds carried ash to all flanks of the volcano,
entirely mantling its upper slopes.

Close examination of especially the smaller erup-
tions showed many of them to consist of three parts:
(1) a lower, fingerlike ash column, (2) a gray-brown,
ash-laden cloud above, and (3) an upper white cloud.
The fingerlike ash column was nearly black and had
spiked tops similar to the “cockstail” eruptive
columns commonly described elsewhere from steam-
blast eruptions (fig. 8). These fingerlike columns rose
vigorously from the crater bottom; several clearly
rose through small, temporary crater lakes and others
through collapse pits in the ice-block talus on the
crater walls and floor. Many of these columns were
dark probably because the ash they carried was wet;
ash on the surface became lighter after it dried out
over several days. Other evidence suggests that the
columns had a high water content: many of them
were emitted from lakes; large amounts of water fell
from the columns and coursed down the crater

Figure 8. —Fingerlike ash column in initial burst of a steam-
blast eruption from one of the summit craters of Mount St.
Helens, March 28. Height of visible part of the column is
approximately 50 m. Photograph by James G. Moore.
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slopes; and new lakes commonly formed or preexist-
ing lakes were fullest immediately after such blasts.

Roiling, gray-brown, ash-laden clouds developed
from the tops of the ash-finger columns and commonly
obscured them (fig. 9). These clouds expanded rapidly
as blocks of rocks and ice trailing white vapor-
condensate were blasted through them. The upper
white clouds were formed by continued expansion of
the gray-brown ash cloud and by the condensation of
water vapor, growing on calm days to great heights.
Under normal windy conditions, however, they blew
nearly horizontally, dropping thin, nearly vertical
veils of ash.

Downslope winds commonly generated sweeping
clouds of ash down the volcano’s flank. Although
these ground-hugging clouds were first regarded as
possible pyroclastic flows, further observations
showed them to be driven by the wind rather than by
the eruption column itself. Further movement down-
slope, however, apparently occurred as density
flows. Typically, the ash swept up in rising air cur-
rents from the lower flanks of the volcano. The
deposits left by these flows commonly were very thin,
some of negligible thickness; where conspicuous,
their downslope limits were marked on new snow by
a sharp scalloped boundary of black ash. Occasion-
ally these dust-laden density currents in their down-
ward sweep produced spectacular displays of light-
ning parallel to the volcano slope.

Fumarolic activity continued after eruptions re-
sumed in early May, and it appeared to increase grad-
ually. A large pitlike steam vent opened high on the
Shoestring Glacier about May 11 and remained open
and active during the succeeding week. More new
steam vents appeared to open in the upper part of the
bulging north flank during the first half of May, and
thermal infrared scanning at about mid-month re-
vealed numerous areas of thermal emission in the ice
crevasses of that area.

The prominent topographic bulge that had been
noted on the north flank of the volcano on the first day
of eruption continued for nearly 2 mo to become larger
and more conspicuous. Ground ruptures at the
5,400-ft level on the north flank were first noted on
April 3 and provided early evidence that the bulge af-
fected a large part of the cone. The first detailed
photogrammetric measurements, completed in mid-
April and compared with contours based on photog-
raphy of August 1979, revealed the startling dimen-
sions of this bulge. By May 12 (the date of the last con-



Figure 9.—Steam-blast eruption from summit crater of Mount St. Helens. Aerial view, April 6, looking southwest,
showing a roiling, gray-brown, ash-laden cloud that envelops and almost completely hides an initial fingerlike ash col-
umn, and an upper white cloud formed by atmospheric condensation of water vapor in the convectively rising top of the
eruptive colunn. Photograph by James G. Moore.

tour map predating the climactic eruption of May 18),
the high point north of the old crater rim stood 150 m
above a corresponding point on the former north
slope, and the Goat Rocks area low on the bulge had
been displaced northward by 106 m. Geodetic
measurements showed that displacement was only
slightly upward near the top of the bulge; it was
mainly outward—nearly horizontally—at consistent
rates of about 2 m/day. No appreciable change oc-
curred in this rate of displacement, even up to 1% hr
before the climactic eruption. Photogrammetric evi-
dence suggests that no appreciable bulging of the north
flank occurred before the events of 1980. Comparison
of maps made from aerial photographs of 1952 and
1979 indicates that if any bulging did occur before
August 1979, the amount was close to the resolution
possible with the 80-ft (24.4-m) contour interval of the

maps—an order of magnitude less than that which oc-
curred between late March and mid-May 1980.

During late April and early May, the upper part of
the bulge changed in general appearance. A high point
that had formed in late March (north peak 1) just north
of the crater stagnated and subsided during April as a
second high point (north peak 2) began to form farther
north (fig. 10). An east-west line between these two
points appeared to be a fracture zone that delimited
areas of differing rates and styles of deformation. In
early May, old fractures and disturbed segments of the
north and west rims of the summit crater south of the
fracture zone were partly filled by snow and drifted
volcanic ash and appeared to be parts of a coherent
graben block that moved downward with the crater.
By contrast, the surface of the actively bulging main
part of the north flank continued to break and distort,
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indicating persistent internal deformation as well as
outward bodily displacement.

By mid-May, earthquakes of magnitude 3 or greater
continued to occur at a rate of 20-40/day, including
5-10 of magnitude 4 or greater. Two magnitude-5.0
earthquakes occurred, on May 8 and 12. On May 8,
the day following a resumption of eruptions, two
periods of harmonic tremor were recorded, each last-
ing only a few minutes. No further harmonic tremor
occurred until after the beginning of the May 18
eruption.

In summary, throughout an initial 2-mo period,
ejecta consisted entirely of fragmental material de-
rived from the volcanic edifice, most of it generated
by shattering and pulverization at shallow levels
within the 350-yr-old summit dome. A moderate
amount of this ash was distributed 50 km away and
some was reported as far as 100 km to the east, but
most fell within a few kilometers of the volcano’s
summit. Evidence for the involvement of water was
abundant, and the eruptions apparently all resulted
from a steam-blast mechanism that reflected internal
heating of the volcano by a shallow intrusion that
also produced localized, but very high, seismicity and
arapidly and continuously bulging north flank.

THE CLIMACTIC ERUPTION

The situation at Mount St. Helens in the early
morning hours of May 18 was much as it had been for

Figure 10. —Mount St. Helens. Aerial view, May 16, look-
ing east, showing bulge on north flank having two high
points in its upper portion. Mount Adams on the horizon.
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the preceding month. There had been no eruptions
for 4 days; fumaroles remained active in the summit
and north flank areas; seismicity was high but no
greater than it had been for many weeks; deformation
continued at an awesome rate, but the rate had
neither increased nor decreased significantly since
detailed measurements began on April 25.

At 0832 PDT (day 139:15:32 UT), with no known
immediate precursors, a magnitude-5+ earthquake
triggered a rapid series of events. As seen by Keith
and Dorothy Stoffel (written commun., 1980) from a
small aircraft at low level directly above the summit
crater, the earthquake caused avalanching from the
walls of the crater and, only a few seconds later, trig-
gered a sudden instability of the north flank. The
entire north flank was described as “quivering” and
appeared to almost liquefy. The slope failed along a
surface intersecting the northern of the two high
points on the north flank, near the east-west fracture
separating the active bulge from the crater block. As
the north flank began to slide away from this surface,
a small, dark, ash-rich eruption plume rose directly
from the base of the scarp and another from the sum-
mit crater rose to heights of about 200 m. As virtually
the entire upper north flank slid off the cone and
became a massive debris avalanche, a blast broke
through the remainder of the flank, spewed ash and
debris over a sector north of the volcano (fig. 11),
overtook the massive avalanche, and devastated an
area nearly 30 km from west to east and more than 20
km northward from the former summit of the
volcano. In an inner zone extending nearly 10 km
from the summit, much of which had been densely
forested, virtually no trees remained. Beyond, nearly
to the limit of the blast, all standing trees were blown
to the ground, and at the blast’s outer limit the trees
were left standing but thoroughly seared. The
devastated area of 600 km? was blanketed by a
deposit of hot debris carried by the blast.

The sole of the debris avalanche was nearly at the
base of the steep volcanic cone on the north side; the
avalanche moved down the lower gradients of the
volcano’s outer flank and was nearly blocked by a
ridge 8 km to the north. Part of the avalanche
rounded the east end of that ridge and displaced the
water from Spirit Lake, raising the bed in its southern
part by more than 60 m. The bulk of the avalanche,
however, turned westward down the valley of the
North Fork Toutle River to form a craggy and hum-
mocky deposit, part of which crossed the ridge to the



Figure 11.—Hydrothermal-magmatic blast of Mount St. Helens; view from Bear Meadow, 17 km northeast of summit,
May 18, about 14 s after initial detachment of the landslide at 0832 PDT. Blast is directed laterally from center of volcano
through scar left by landslide removal of volcano’s north flank. Copyrighted photograph by Keith Ronholm, 1980,
published with permission.

north, but most of which flowed as far as 23 km
down the North Toutle. The total volume of the ava-
lanche in place is about 2.8 km?, and its length makes
it one of the largest on record.

Water incorporated by the avalanche from the
North Fork Toutle River and possibly from Spirit
Lake combined with melting blocks of ice from the
torn-out glaciers of the volcano’s north flank and
melting snow and ice from the volcano’s remaining
slopes to produce mudflows that later in the day
coursed across the avalanche and down the North
Fork Toutle River, sweeping up thousands of logs
from timbering operations in the valley and destroy-
ing most bridges across the river. The mudflows con-
tinued downstream, depositing sediment in the
Cowlitz River channel and also obstructing the deep-
water navigation channel of the Columbia River.
Smaller mudflows were produced from the east flank

of the volcano and went down the valleys of Muddy
River and Pine Creek into Swift Reservoir (pl. 1). Yet
other mudflows and floods went from the volcano'’s
northwest flank down the South Fork Toutle River;
smaller floods occurred in the Kalama River on the
southwest.

The initial events of the eruption—the rockslide
avalanche, the northward blast of ash and debris, and
the mudflows—caused most of the casualties and
destruction in the immediate region of the volcano.
However, within a few minutes a Plinian eruption col-
umn (fig. 12) began to rise from the position of the
former summit crater and within less than 10 min had
risen to a height of more than 20 km. Ash from this
eruption cloud was rapidly blown east-northeastward,
producing lightning and starting hundreds of small
forest fires, causing darkness eastward for more than
200 km, and depositing ash for many hundreds of kilo-
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meters. Major ash falls occurred as far east as central it reamed out the volcanic conduit. The eruptive
Montana, and ash fell visibly as far eastward as the crater, along with the upper 300 m of the cone that was
Great Plains of the Central United States, more than entirely removed by the initial slide and blast, formed
1,500 km away. As this Plinian eruption column grew,  a great amphitheater 1%2 X 3 km across, enclosed by the

Figure 12. —Plinian eruption column rising from the central crater of Mount St. Helens, 1330 PDT May 18. Aerial view
looking northeast showing cauliflower-like structure of eruptive column and a pall of dust rising from area north of
amphitheater-shaped crater. Photograph by J. G. Rosenbaum.
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volcano's former east, south, and west flanks (fig. 16).

The Plinian phase of the eruption continued
vigorously for 9 hr and produced numerous ash
flows. Some of these were thin flows that spread out
over much of the upper surface of the volcano and
were generated by fallback from the expanding erup-
tion column in the vicinity of the summit. Most of the
flows were directed out through the large northward
breach of the crater to form a fan of pumiceous ash
flows over the avalanche, extending to Spirit Lake
and part way down the North Fork Toutle River
valley. Ash flows continued to be emplaced at least
until dark on May 18. The hot blast deposits, the
avalanche, and these ash flows were frequently
disrupted in the vicinity of Spirit Lake and its former
drainage into the North Fork Toutle River by large
secondary steam-blast eruptions that formed craters
as large as 20 m across and drove columns of ash to
heights as great as 2,000 m above the surface.

The Plinian eruption began to decrease in intensity
at about 1730 on May 18 and by the next morning
had decreased to a very low level. Minor eruptive
emissions persisted almost continuously until May 21
from a smaller vent crater near the center of the large
amphitheater, but observations of their size and
character were restricced by poor weather. Weak
steam and ash eruptions continued intermittently for
about a week.

The magma tapped during the major eruption of
May 18 was dacitic. The principal juvenile material
was a light-colored hypersthene-hornblende dacitic
pumice having a range of silica content of about
63-64.5 percent. A texturally different rock type—the
first magmatic material erupted—was incorporated
into the initial blast deposits. It was a denser, and
therefore, darker dacite whose composition is at the
silicic end of the range of the pumice compositions. A
total of about 0.2 km*® of magmatic material (as re-
duced to the equivalent volume of dense rock) was
erupted on May 18.

In summary, although no precursory changes in
seismicity or in the rate of deformation on the north
flank had provided immediate warning of an impend-
ing major slope failure, the longer term likelihood of
such failure suggested the possibility that it could
trigger a major volcanic eruption. The bulge probably
had nearly reached the point of instability and might
have been almost ready to begin creeping more
rapidly toward failure when a magnitude-5+ earth-
quake at 0832 on May 18 intervened to push the mass

over its stability threshold. The earthquake triggered
the rockslide-avalanche, which in turn unloaded the
hydrothermal system in the volcano that had driven
intermittent steam-blast eruptions for the previous 2
mo. This abrupt release of confining pressure on hot
water in the system caused a massive flashing to
steam, initiating a hydrothermal blast that was
directed laterally through the landslide scar. This se-
quence of events in turn caused further unloading of
magma in the shallow body that was intruding the
volcano, causing it to de-gas and to drive the Plinian
eruption column that continued for the next 9 hr.

PERIOD OF SUBSEQUENT
PYROCLASTIC ACTIVITY AND
LAVA DOMES

A series of increasingly energetic ash eruptions on
the Saturday night following the eruption of May 18
led to the second large eruptive event, on Sunday,
May 25, from the vent crater within the amphithea-
ter. That eruption began at about 0230 PDT during a
period when winds were blowing in different direc-
tions at different altitudes. Although the eruption was
an order of magnitude less voluminous than that of
May 18, windblown ash was dispersed over wide
areas of western Washington and Oregon and af-
fected several metropolitan areas that had not ex-
perienced ash falls in the May 18 eruption.

For the next 22 weeks, the volcano continued to
emit large quantities of gas that rose in plumes of
steam condensate to altitudes of 3-5 km above sea
level. Sulfur emissions, monitored since late March,
had remained low until the eruption of May 18. After
that eruption, sulfur gases were emitted at a higher
rate, but relatively little ash was carried in the gas
plumes and appreciably none fell more than a few
kilometers beyond the volcano. During this time, no
lava appeared at the surface, but there were several
night observations of incandescent rock, probably
caused by hot gases streaming through the vents from
a magma body not far below. Also during this time,
small steam blasts continued to erupt through the
avalanche and ash-flow fill in the former North Fork
Toutle River valley north of the volcano. Some of the
craters formed by those eruptions were enlarged con-
siderably by repeated blasts and by the coalescence of
smaller craters.

25



A third magmatic eruption took place on June 12.
This eruption was preceded by several hours of har-
monic tremor that began around midday and gradu-
ally grew in intensity throughout the afternoon. A
marked increase in tremor amplitude was noted at
1905 PDT, and an eruption drove an ash column to at
least 4 km above sea level by 1910. Tremor amplitude
decreased markedly immediately after this brief erup-
tive pulse and fluctuated at moderate levels for more
than 2 hr. The temporary lull was broken by a rapid,
large increase in tremor amplitude at 2111, and by
2118 an eruption column had risen to 15 km above
sea level. The height of the column fluctuated be-
tween 5 and 12 km above sea level until 0043 on June
13, when it decreased abruptly.

Prevailing winds carried the ejected ash south-
southwest, allowing centimeter-sized pumice frag-
ments to fall in Cougar, Wash., about 16 km down-
wind. Portland, Oreg., and Vancouver, Wash.,
received moderate ash falls beginning at about 2250.

Several new ash flows issued from the vent crater
and descended the volcano’s north flank during the
June 12 activity. These flows nearly reached the south
shore of Spirit Lake and overrode and locally ponded
within steam-blast craters in the ash flows of the May
18 eruption. Like the May 25 deposits, the June 12
material contained some dark-gray, dense pumice as
well as lighter colored and more vesicular pumice.

A lava dome (fig. 13) probably began to rise in the
vent crater shortly after the explosive eruptions of
June 12, but because of poor visibility it was not
sighted until June 15. Several features suggest that the
dome was close to the surface before and during the
June 12 eruption. At the time of the last previous
good view of the crater amphitheater on June 11, a
large elliptical lake about 300-400 m long and
50-75 m wide occupied much of the southern crater
floor. Its elliptical shape resulted from a broad flat
topographic high in the center of the crater at the
location of the subsequent dome. This mound, com-
pletely mantled by gray ash, may have represented
the early rise of a magma plug nearly to the crater
floor. Also, in contrast to the ash flows erupted on
May 18 and 25, the ash flows of June 12 contain not
only pumice but also abundant blocks of dense, gray
dacite, as much as 2 m in diameter. The June 12 de-
posits thus resemble “block-and-ash” flows emplaced
as a result of dome collapse on other volcanoes and
may contain parts of the solidified margins of a cryp-
todome prior to its arrival at the surface.
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Repeated observations from a hovering helicopter
documented steady dome growth at a rate of
2-3 m/day from June 15 through the late afternoon
of June 19. No observations were possible during
poor weather from June 20 through June 27, but
observations on June 28-29 suggested a stabilization
after June 19 or even a slight collapse.

In mid-July, measurements showed an apparent
northward expansion of the rampart north of the vent
crater of about 5 cm/day. Mount St. Helens again
erupted at 1714 PDT on July 22 (fig. 14) after a small
swarm of shallow local earthquakes that began about
1000 that morning. From 1400 to 1500 there were 4
earthquakes, followed by 9 more from 1500 to 1600,
and by 20 from 1600 to 1700. The first ash eruption
lasted about 6 min and a pyroclastic column reached
14 km above sea level. A second ash cloud erupted at
1825 and lasted about 22 min, reaching a height of
more than 18 km. The third and longest ash eruption
began at 1901 and lasted about 2 hr and 40 min
(fig. 14); maximum column heights fluctuated (the
highest at 14 km at 1907) and from a distance gave the
appearance of several separate eruptions. Winds blew
the main ash cloud northeastward, and satellite im-
ages showed it to cross from Idaho into Canada.
Pumiceous ash flows were erupted on the north flank
of the volcano, especially during the second and third
eruptive bursts. No harmonic tremor accompanied
the earthquake swarm prior to the 1714 eruption, but
tremor did occur during the periods of ash emission.

The July 22 eruption blasted a new crater through
the center of the June lava dome. The walls of the new
crater, which had a diameter of about 300 m and a
tail-like southward extension of about 400 m, were in
the still-hot June dome, which was mantled by several
meters of new ash from the July eruption. No new
dome was produced, and this new crater remained in-
tact until an eruption in early August.

Following the explosive eruption of July 22, the
crater area fumed—copiously at times—and columns
of condensing water vapor rose to elevations as high
as 3,000-3,500 m above sea level. A dull red in-
candescence was observable in dim light on the walls
of the vent crater. The walls of the larger amphithe-
ater around the vent crater produced numerous rock
falls and avalanches. Once again, measurements in
early August suggested northward expansion of the
northern rampart of the vent crater by one to several
centimeters per day. The principal measured gas
emissions, CO, and SO,, were moderately high at the



Figure 13.—Lava dome plugging June 12 vent crater. Aerial view, July 18, looking southwest. Average diameter of dome
is 365 m. Photograph by Maurice and Katia Krafft, Centre de Volcanologie, Cernay, France, published with permission.

end of July but decreased somewhat in early August,
and the ratio CO,:SO, declined markedly on August
6.

Just after noon on August 7, harmonic tremor
began, and it continued to increase in amplitude for
several hours. The combination of changing gas
fluxes, harmonic tremor, and occasional small earth-
quakes suggested an impending eruption, and ash
emission started at 1623, growing rapidly to full erup-
tion by 1627. This first burst produced an ash-laden
eruptive column that rose to an elevation of more
than 13 km. A small pumiceous ash flow swept the
area below the breach on the north side of the am-
phitheater (fig. 15). The flow reached part way to
Spirit Lake, leaving a thin lobate deposit. Smaller
eruptions continued through the late afternoon and
evening, with one major sequence around 1930. A
culminating burst, nearly as large as the first one,
began at 2232. The intensity of harmonic tremor

decreased and small deep earthquakes occurred dur-
ing the period following this last eruptive burst,
which ended before midnight.

A dome began to rise in the vent crater on the
morning of August 8, filling it to about half its former
depth of 90 m by the end of the day and stopping
growth just below crater-rim level by August 10. For
several weeks following, the volcano remained rela-
tively quiet; there were few earthquakes and no ma-
jor eruptions. Some incandescence could still be seen
in the walls of the vent crater and in cracks on the sur-
face of the new lava dome. Gas emissions fluctuated
from moderate to low levels.

Following the August 7 eruption, the volcano
generally remained very quiet for more than 2 mo
(fig. 16), and seismicity dropped to its lowest levels
since before the reawakening of the volcano in
March. A slow outward movement of the unstable
sector on the north flank, however, indicated that
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Figure 14.—Third pulse of eruption of July 22. Aerial view
taken at 1907 PDT looking south, showing spreading
mushroom top on convectively rising column and cloud of
ash rising from an ash flow that has swept northward out
of wvolcano’s crater amphitheater. Northwest slope of
volcano visible at lower right. Column height about
15 km. Photograph by James Vallance.

magma within the volcano remained active. During
the second week of October, small shallow earth-
quakes resumed at the rate of one to a few per day.
On October 16, their frequency gradually increased
to several per hour, and at 1902 PDT a magnitude-3
earthquake occurred. The small earthquakes con-
tinued, and a pyroclastic eruption began at 2158,
lasting between 5 and 10 min. Shallow seismicity con-
tinued, and other eruptive pulses followed at 0928
and 2112 on October 17 and 1235 and 1428 on Oc-
tober 18. Each of these events lasted from about 5 min
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Figure 15.—Pumiceous ash flow of August 7 eruption,
viewed from Coldwater Ridge, 8 km north of volcano. The
fully developed ash flow was moving down lower north
flank of volcano at about 1629 PDT. Speeds in excess of
100 km/hr were measured from carefully timed 35-mm
still photographs and from 16-mm motion pictures.
Photograph by Peter W. Lipman.

to nearly an hour, although the most vigorous activi-
ty during each of them took place in the first few
minutes. The pyroclastic eruption columns reached
maximum heights of about 14 km. Small pyroclastic
flows occurred during two of the events, descended
the north flank of the cone, and reached lengths of
about 5 km. The wind was variable throughout these
events but blew generally from a sector between
northwest and northeast; light ash falls occurred in a
southern sector extending from the volcano to the
Portland-Vancouver area and as far east as The



Dalles, Oreg. Following the final pyroclastic eruption
on October 18, a new lava dome emerged from the
floor of the crater and grew at a dramatic rate
through the afternoon and evening. By the following
morning it had obtained its ultimate size of more than
200 m in diameter and 40 m in height.

During the intervals between the major eruptions
after May 18, occasional emissions of gas and some
ash broke the general quiet; the ash probably was en-
trained, being derived from ejecta in and near the
vent crater. Some of these events were accompanied
by brief pulses of harmonic tremor and produced
small perforations in the domes or crater floors.
Significant events of this type occurred on July 28,
August 15, and several times in September and Oc-
tober. After the mid-October eruption, the volcano
returned to a very quiet state that persisted until late
November, with very few earthquakes, rare episodes

of harmonic tremor, little ground deformation, and
only slow rates of gas emission. Beginning in late
November, a new pattern began to develop. Low-
level seismic events of uncertain character preceded
or accompanied episodes of low-amplitude harmonic
tremor. Accompanying some of these events were
weak to moderate gas emissions, some of which
carried entrained ash. On December 13, a small crater
formed and a wedge-shaped sector of the dome was
blasted away in one of these gas-emission events.
Beginning during a period of increased seismicity be-
tween December 25 and 28, a new dome was extruded
alongside the October dome. The new dome contin-
ued to rise and expand rapidly through the end of
1980, accompanied by frequent small, shallow earth-
quakes, harmonic tremor, and heavy gas emissions.
During the period of intermittent volcanic and
seismic activity that followed the climactic eruption

Figure 16.—Mount St. Helens in repose, August 29, looking south from Harrys Ridge, 8 km north of the volcano. Shows
amphitheater left by removal of north flank, collapse of summit, and eruptive enlargement of crater on May 18. A light
fume cloud rises from vent crater within the amphitheater, which is partly plugged by dome emplaced after August 7
eruption.
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of May 18, there were significant adjustments of the
drainage system to the changes wrought by that erup-
tion. The drainage that was disrupted and blocked by
the massive avalanche of May 18 quickly began to re-
establish itself across the hummocky surface of the
avalanche in the North Fork Toutle River valley. The
river course along the lower part of the avalanche had
already been reestablished on the south side of the
avalanche before the end of the day on May 18. One
event illustrates in part how the establishment and
integration of drainage continued to occur through
the summer months. During the last 2 weeks of
August, water from Maratta Creek, which had been
impounded by an avalanche levee on the north side of
the valley, was released suddenly onto the surface of
the avalanche and filled a small depression. The water
was retained temporarily in a deep pond a few kilo-
meters above Camp Baker. On the afternoon of
August 27, the rising pond overtopped its rim and
eroded its outlet as it drained downvalley. Much of
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the water was retained by a check dam under con-
struction by the U.S. Corps of Engineers, but some
spilled over, destroying some temporary bridges and
portions of access roads along the North Fork Toutle
River as far downvalley as the town of Toutle.

In summary, a possible pattern of volcanic behav-
ior may be evident in the post-May 18 events at
Mount St. Helens. A magma column seems to be
slowly and intermittently rising; sometimes it is en-
tirely confined beneath the surface and at other times
its upper portion emerges as a lava dome. The outer
solidified shell of this magma column is an imperfect
seal, and fluctuating amounts of gas continuously
escape to the atmosphere. At irregular intervals, pres-
sure within the column exceeds the confining
strength, and gas is released violently, blasting out
new craters and giving rise to pyroclastic flows and to
high eruption columns that deposit new ash. Re-
newed rise of the magma column after each eruption
replugs the vent and may produce a new dome.



THE 1980 ERUPTIONS OF MOUNT ST. HELENS, WASHINGTON

OBLIQUE AERIAL PHOTOGRAPHY, MARCH-OCTOBER 1980

By ROBERT M. KRIMMEL and AUSTIN POST

ABSTRACT

Oblique aerial photographs offer many advantages over
vertical photographs for documentation of volcanic events; these
include more natural perspective, greater areal coverage from low
altitude, greater flexibility in aircraft operation, coverage of
specific localities during periods of partial cloud or ash
obscuration, and lower cost. Generally, large-format cameras,
such as 241 mm, give better results than small-format cameras,
such as 35 mm. In light aircraft the large-format cameras are
usually fix mounted.

The USGS (U.S. Geological Survey) Glaciology Project Office
documented the eruption of Mount St. Helens from March
through October 1980 using large-format oblique black-and-
white photography. From March untii May 17, 1980, the
progression of surface deformation, crater enlargement, ash and
snow cover, and avalanching was documented. On May 18, the
catastrophic eruption was photographed, and from May 19
through October 1980 the results of the eruption and subsequent
events were photographed. These photographs can be purchased
from the EROS Data Center, Sioux Falls, S. Dak., 57198, and can
be seen at U.S. Geological Survey offices, Tacoma and Van-
couver, Wash.

OBLIQUE AERIAL PHOTOGRAPHY,
MARCH-OCTOBER 1980

Oblique aerial photography can be used to simply
and rapidly document visible change due to any large
volcanic event. The resulting photographs differ from
vertical aerial photographs because they generally
cannot be used for precise cartography. Oblique
photographs, however, offer the advantage of a more
natural perspective; generally cover large areas,

simplifying qualitative observations; often can
accentuate a particular feature; and sometimes offer a
qualitative documentation of a feature before the
process of photogrammetry can show the same thing
from vertical photographs. Oblique photographs
often offer a flexibility impossible to achieve with
vertical photographs, oblique cameras are less
expensive to acquire and operate than vertical
equipment, and very useful oblique photographs can
be taken when volcanic eruptions or weather con-
ditions do not permit vertical photography to be
effective.

The USGS Glaciology Project Office uses a number
of different cameras. High-quality 35-mm format
cameras offer convenience, availability, large lens
selection (including high-quality zoom lenses), and
rapid color processing. For detailed study, however,
small transparencies or negatives may not have the
necessary resolution, and high-quality enlargements
are difficult to obtain. The next larger format uses
the 120/220 film size, providing either 57 X 57 mm (2}
X 23 in.) or 6 X7 cm negatives. These cameras offer
handling convenience similar to that of the 35-mm
cameras; they are more expensive and film and pro-
cessing are generally less available; however, negative
detail is improved. For most of our photography,
large-format cameras are used. A standard large-
format aerial camera uses 241-mm (9; in.) roll film,
which gives excellent resolution and the convenience
of more than 300 frames per roll. These cameras are
not readily available and are so bulky that they are
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Table 4.—Missions for large-format oblique aerial photographs, Mount St. Helens, March-October 1980

[Roll number: first two numerals indicate year, letter indicates Mount St. Helens, final numeral indicates roll sequence. Frames are numbered con-
secutively. Time is approximate and is given when considered significant. Photographer noted in description]

Roll Frame Date and time Description Roll Frame Date and time Description
(1980) (1980)
80s1  001-138 Mar. 30 Scattered to broken clouds, cloud tops to 2,500 80s7. 001-319 June 30 Clear to about 3,000 m altitude. Distant views
me. Minor eruption plumes. Distant views of of volcano and blast area. Panoramas of
Mount St. Helens: one-half covered with blast area from several locations. Views
clean snow, one~half covered with ash. from south side of volcano; Muddy River,
Details of summit, crater, and bulge. Post. Swift Reservoir, Pine Creek, and Swift dam.
8051 139-263 Mar. 30 Scattered clouds. Intermittent eruption Views from west side of Mount St. Helens:
plumes. Distant and close views of Mount St. South Fork Toutle River, North Fork Toutle
Helens from all sides. Krimmel. River. Details of Camp Baker, debris
80s1 264-276 Apr. 1 Scattered to broken clouds. Much of the summit avalanche, tree blowdown, Spirit Lake, Mount
obscured in clouds. Post. Margaret, and the post-May 18 eruption lake
80s1  277-360 Apr. 1 Scattered to broken clouds. Much of the summit formed at the junction of South Coldwater and
obscured in clouds. Krimmel. Coldwater Creeks. View into crater,
80s2  001-053 Apr. 10 Broken clouds, cloud tops to 2,500 m. Eruption partially obscured rampart, and lava dome.
plume; details of summit, crater, and Lowther, Post.
bulge. Post.
80s2  054-127 Apr. 25 Clear. Views of volcano from most sides; 8058 001-083 July 1 Clear of clouds, no plume, dust to west.
details of summit, crater, bulge, lower Distant views of Mount St. Helens and Spirit
flanks, and Spirit Lake. Post. Lake. Details of south side, upper south
80s2 128-207 May 1 Clear. Distant views of Mount St. Helens; cone, lava dome, rampart, and steam vents.
details of Spirit Lake, lower flanks, upper Lowther.
cone from most sides, summit, crater, and 80S8  084-167 July 7 Clear, no plume. Distant view of volcano and
bulge. David R. Hirst, USGS. Spirit Lake. Views of cone to northwest,
80s2  208-241 May 4 Clear. Views of cone from all sides; details north, northeast, east, southeast, and south;
of summit, crater, and bulge. Krimmel. details of upper cone, inner and outer crater
80s3  001-046 May 11 Scattered to broken clouds. Mount St. Helens walls, lava dome, rampart, and lower
mostly obscured from the west and flanks. Lowther, Krimmel.
northwest. Views looking northwest, west, 80S8  168-180 July 13 Scattered clouds, summit partially obscured in
southwest, and south. Details of summit and clouds. Views to south, Spirit Lake, and
bulge. Krimmel. blast area. Lowther, Post.
80s3 047-109 May 17 Scattered clouds to clear. Distant views
(1100-1200) to south; closer views of cone from all 80s9  001-097 July 13 Scattered clouds to clear, minor ash and steam
sides. Details of summit, crater, bulge, and in crater. Details of lower flanks, inner
Forsyth Glacier ice avalanche. Krimmel. and outer crater walls, lava dome, rampart,
80s3 110~-200 May 18 High overcast, and ash from eruption. Spirit Lake, tree blowdown, debris avalanche,
(1100~1230) Distant views of eruption plume looking south and Camp Baker. Lowther, Post.
and east; closer views of eruption plume 8059  098-252  July 24 Clear of clouds but dust blowing from Mount St.
looking east and worth. Details to north and Helens. Distant views of debris avalanche,
east, eruption plume, and ash flovs. Spirit Lake, and Coldwater Creek. Details of
Krimmel. crater pit, crater walls, upper cone, Spirit
80s3 201-268 May 18 High overcast, ash from eruption. Views of Lake, ash flow, portions of lower flanks, and
(1200-1400) eruption plume; details to south and west of of blast area. Lowther, Post.
volcano, plume, and ash flows. Post. 8059  253-287  Aug. 7 Clear of clouds; dust, ash, and steam
8083  269-310 May 18 High overcast, and ash from eruption. (1630-1700) partially obscure crater. Distant views of
(1900-2030) Distant views of eruption plume looking Mount St. Helens and Spirit Lake. Details of
southeast, east, and northeast. Details of outer crater walls, partially obscured views
plume, ash flows, and crater rim, looking into crater. Krimmel.
east and north. Krimmel. 80S9  288-308 Aug. 7 Scattered clouds, plume to approximately
80s4  001-273 May 19 High overcast, some lower clouds, dust and ash (1800-1830) 4,600 m altitude. Distant views of volcano
from Mount St. Helens. Details of blast and plume. Details of plume looking east aad
area, debris avalanche, tree blowdown, north. Krimmel.
phreatic eruptions in ash flows, and views of
cone to north and east. Details of cone and 80s10 001-061 Aug. 19 Clear. Distant views of Mount St. Helens and
mudflows to north and east. Post. Spirit Lake from north. Views of cone from
80S5 001-056 May 30 Scattered to broken clouds at 2,100-2,500 m. all sides. Details of inner and outer crater
Steam plume about 300 m above crater rim. walls and lava dome. Krimmel.
Views of Spirit Lake and portions of the 80s10 062-093 Sept. 3 Scattered clouds, crater obscured by steam and
blast area. Post. ash. Distant views looking south. Details
80s5 057-312 June 4 Scattered clouds. Mount St. Helens obscured of outer upper cone. Krimmel.
above 2,300 m. Low-level views of the 80S10 094-153 Sept. 9 Clear. View of cone from all sides, Spirit
fringes of the blast area, North Fork Toutle Lake. Details of lava dome and inner crater
River and debris avalanche, Camp Baker, and wall. Krimmel.
:‘{i;:‘ai‘::eas:e;ﬁﬁe:f debrls avalanche, 80310 154-172  Oct. 4 Clear of clouds. Crater and areas to north
Post . obscured in dust and steam from Mount St.
8056 001-156  June 19 Scattered clouds. Clouds and plume over Mount Helens. A few views of come to east and
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St. Helens to 3,400 m altitude. Distant
views of North Fork Toutle River, blast area,
debris avalanche, flanks of volcano, and
Spirit Lake. Detalls of Harrys Ridge (ridge
south of St. Helems Lake), St. Helens Lake,
Spirit Lake, partially obscured crater and
lava dome, crater rim, rampart, post-May 18
eruption lake formed at juaction of South
Coldwater and CYldwater Creeks, and blast
area. Lowther,® Post.

north. Details of small portions of
devastated area west of Spirit Lake.
Krimmel.

80s10 173-203 Oct. 17 Clear of clouds. Crater obscured by dust and
steam. Details of cone looking south, pumice
flow from recent eruptions, and devastated
area west of Spirit Lake. Krimmel.

lStevart Lowther, Department of Geology, University of Puget Sound,
Tacoma, Wash.



generally fix mounted in aircraft. Film processing is
specialized, and color film and processing are ex-
tremely expensive. Cameras using 127-mm (5-in.) and
178-mm (7-in.) film are sometimes used, but such
cameras and film are not as available as those with
the larger format and provide lower quality
photographs.

Various light aircraft have been used; we prefer
fixed-wing single-engine aircraft because they are
readily available and cheaper than helicopters or
multi-engine aircraft. Generally, aircraft with a high
wing have the best visibility and convenience for
hand-held camera operation. High-quality photog-
raphy requires camera ports or windows that open, as
aircraft windows usually have distorting curves,
many are tinted, and few are free of scratches. The
35-mm and 120-film cameras are almost always hand
held. The large-format cameras are usually mounted
to the aircraft; mounting often requires airframe
modifications such as camera ports, mounting
brackets, and vacuum and electrical power. An
advantage of these installations is that one or more
cameras can be remotely operated by the pilot or
observer, but such operation requires a dedicated
aircraft.

The USGS Glaciology Project has been taking
large-format oblique aerial photographs of glaciers in
North America since 1964. Glacier photography
necessarily includes coverage of some surrounding
terrain, and many photographs document volcanoes
as well as glaciers. In addition to the glacier
photography, observations of geothermal areas near
snow- or ice-covered areas on Mount Baker have
routinely been made. A series of missions to cover
Mount St. Helens volcanic activity was begun on
March 24, 1980, to observe and document any signifi-
cant response of Mount St. Helens to the increased
seismic activity in the vicinity.

The large-format negatives were taken using World

War Il-vintage K-17 241-mm cameras, one with a
305-mm-focal-length Pacific Optical lens, the other
updated with a 305-mm Symar lens. The film used
was Kodak Double-X Aerographic 2405 panchro-
matic black-and-white. The original black-and-white
negatives are at EROS Data Center, Sioux Falls,
S. Dak.; copy negatives are available at EROS Data
Center and USGS Glaciology Project Office, Ta-
coma, Wash. Print copies can be purchased from
EROS Data Center, Sioux Falls, S. Dak., 57198.
Proof prints can be viewed at USGS offices in
Tacoma and Vancouver, Wash.

Table 4 itemizes the black-and-white large-format
Mount St. Helens oblique aerial photography mis-
sions flown March-October 1980. Prior to March
1980, photography missions were flown with the
primary objective of glacier documentation. Many of
the pre-March photographs are of interest for com-
parative purposes, although they were taken less
systematically than those beginning in March. The
earlier photographs can be viewed at the USGS,
Tacoma, Wash.

Figures 17 through 34 are examples of the March-
October oblique aerial photography. The photo-
graphs for March 24, 1980, show no evident surficial
deformation. By March 30, the bulge on the north
side is obvious from the photographs. Frames from
March 30 until May 17 show the progression of bulge
deformation and other changes of the upper cone.
Photographs taken on May 17 show no major sur-
ficial changes that could have been considered precur-
sors of the catastrophic eruption that occurred 20 hr
later. The May 18 missions, which provided
documentation of the major eruption, proved the im-
portance of a quality standby system for oblique
aerial photography. The missions after May 18 record
results of that eruption and changes related to subse-
quent eruptions. The oblique photography missions
continued on a sporadic basis through 1980.
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Figure 17.—March 24, view of upper cone, looking west-southwest. Although seismic activity began under Mount St.
Helens on March 20, this overflight showed no unusual features except numerous tracks of earthquake-triggered snow
avalanches. No evidence of fracturing of summit area was detected during careful visual observations on the afternoon
of March 24. On March 25 the first cracks were noted by Bud Kimball, Tacoma, Wash. (oral commun., 1980).
Photograph by David Frank. This mission is not listed on table 4 because the photographs are on 57-mm film, on file
with David Frank, USGS, Seattle, Wash.



Figure 18.—March 30, view of upper cone, looking southwest. Three days after the first eruption. Compare with figure
17; fractured right side of cone came to be known as the bulge. Two craters are visible near summit; snow is overlain by a
layer of dark ash. 8051-083.

35



Figure 19.—March 30, looking north-northeast, Mount Rainier in distance. Distribution of dark ash resulted from wind
control of plume drift. Left portion of cone is free of ash, right portion largely covered. Snowstorms later covered these
ash layers, which in turn were covered by new ash; the result was many alternating layers of snow and ash. 80S1-071.
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Figure 20.—April 25, looking west-southwest. The bulge is a prominent and rapidly changing feature. Fresh snow
covered higher portions of Mount St. Helens; lower slopes are ash covered. 8052-122.
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Figure 21.—March 30, looking west. Summit of Mount St. Helens after several small explosive eruptions. The smaller of
the two pit craters was formed first on March 27. Subsequent eruptions opened the farther crater; the two craters later
merged. 8051-111.
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Figure 22.—May 17, looking west. Compare with figure 21. The crater has been much enlarged; as the bulge (at extreme
right) has expanded, fracturing has become more extreme. Crater area has dropped relative to summit. 80S3-070.
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Figure 23.—May 18, looking northeast. Catastrophic eruption began at 0832 PDT. Photo taken at approximately noon.
The day had dawned clear, and clouds in this scene may be eruption related. Vapor rises from vent and from lakes,
rivers, melted snow and ice, and from hot deposits of debris avalanche and pyroclastic flows. Ash billows from vent and
from pulverized material collapsing into crater; smoke originates from forest fires ignited by initial eruptive blasts and
from later pyroclastic flows. Lightning was occurring every few seconds. No air turbulence was felt on windward side of
mountain. 8053-132.
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Figure 24. —May 18, looking southeast, showing detail of sharply defined windward edge of plume. 8053-182.
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Figure 25.—May 18, looking east, about 1900 PDT, when eruption plume had diminished considerably. Debris ava-
lanche from north side of Mount St. Helens floods valley of North Fork Toutle River. Below the debris avalanche Toutle
River is flooding. Much of the scene is obscured by dust and moisture clouds rising from immediately north of volcano.
8053-277.



Figure 26.—June 30, looking south-southeast. A portion of the devastated area characterized by very little surviving
vegetation, with most trees uprooted or broken off; a blanket of ash in many places; valleys partly filled by debris-
avalanche material; lakes formed where debris avalanche has dammed tributary valleys. 8057-009.
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Figure 27.—July 13. Lava dome within the crater. Figure 28 is a similar view shortly after next eruption. 80S9-059.

44



Figure 28.—July 24. Pit left after explosive eruption of July 22. Pyroclastic flows overrode low crater rim in foreground
and moved downslope (north) toward Spirit Lake. 8059-122.
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Figure 29.—May 17. Mount St. Helens the day before the catastrophic eruption, looking southwest. Features visible in-
clude road to Timberline viewpoint and parking area (A), Dogs Head (B), and the severely fractured, bulging, ash-
covered Forsyth Glacier (C). An ice avalanche, darkened with volcanic debris, which originated from the bulging,
oversteepened part of Forsyth Glacier, forms dark tracks below the bulge. 8053-055.
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Figure 30.—September 9. Compare with figure 29. Dogs Head (B) and part of the Forsyth Glacier remain. The road and
Timberline viewing and parking area (A) were buried by air-fall ash and blast deposits and can only be discerned by
careful scrutiny. 80510-106.
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Figure 31.—May 17, looking south directly toward the bulge, Loowit Glacier (A), and Goat Rocks (B). Numerous rock
avalanches from Goat Rocks were triggered by earthquakes. 8053-056.
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Figure 32. —September 9. Compare with figure 31. Remaining lower part of Forsyth Glacier in left center. Loowit Glacier
is completely gone. Many pyroclastic-flow deposit lobes can be seen in foreground. Windblown dust obscured some sur-
face details. 80S10-113.
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Figure 33.—May 4, looking southeast with Goat Rocks in left center and Dogs Head on left ridgeline. 8052-215.



Figure 34. —August 19. Compare with figure 33. Note total devastation of vegetation on near side of cone. 80S10-005.
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THE 1980 ERUPTIONS OF MOUNT ST. HELENS, WASHINGTON

SUMMARY OF EYEWITNESS ACCOUNTS
OF THE MAY 18 ERUPTION

By J. G. ROSENBAUM and RICHARD B. WAITT, JR.

ABSTRACT

Many individuals who were in the vicinity of Mount St. Helens
on May 18 were interviewed to gain information on phenomena
associated with the eruption. The observed phenomena include
an earthquake, a massive avalanche of the volcano’s north flank,
a directed blast, development of the vertical eruption, a mudflow
in the South Fork Toutle River valley, and the fall of early erup-
tive products. The eyewitness accounts, although somewhat sub-
jective, provide information about the sequence of events,
descriptions of the directed blast (including velocity, temperature,
and a preceding pressure change), and the timing and nature of
early air-fall material. These observations supplement a variety of
subsequent scientific investigations.

INTRODUCTION

On May 18, 1980, a large number of people at
many locations in the vicinity of Mount St. Helens
witnessed the awesome eruption of the volcano
(fig. 35). Over the following months, many of these
individuals were interviewed. In presenting sum-
maries of geologically pertinent observations from
these interviews we have attempted to retain the
descriptive words and phrases used by the eyewit-
nesses. In like manner we have retained the measure-
ment units used by the witnessess, converting them to
the metric system in our discussion.

Locations of the various eyewitnesses are shown in
figure 35 and described in table 5. For brevity,
testimony by one or more witnesses at a specific loca-
tion is referenced in the text only by site number. The
site numbers consist of a distance and a direction rela-
tive to the preeruption summit of Mount St. Helens.
For example, site 17NE is located approximately
17 km northeast of the old summit.

The eyewitnesses observed a wide variety of phe-
nomena associated with the eruption, including an
earthquake, a massive landslide, various aspects of a
directed blast (such as its movement, temperature,
and the material deposited), noises, winds, lightning,
and the nature of air-fall material. Observations of
the various eruptive events and their products are
retold here in approximate chronological order.

Although eyewitness accounts provide a unique
source of information about the eruption, they are
subjective. Two individuals recalling the same phe-
nomena may differ markedly in their perceptions as
well as their descriptions. In particular, unless other-
wise stated, all quantitative data (such as time inter-
vals and distances) specified in these accounts are
estimates of the witnesses and are often based on
observations made under extremely stressful
conditions.
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EARTHQUAKE, LANDSLIDE, AND
INITIATION OF ERUPTION

ACCOUNTS

At 0832 PDT, May 18, 1980, several witnesses felt
a shallow earthquake that emanated from Mount St.
Helens (Endo and others, this volume). A “solid jar”
and noticeable ground motion lasting for 3-5 s were
noted (12Wa) at about this time. Others who report-

edly felt the quake include members of a tree-planting
crew on the north side of Marble Mountain (8SE) and
individuals to the north (23N, 29N) and northwest
(17NW). Significantly, one observer felt the shock
and then saw the north side of Mount St. Helens
begin to move (12Wb). This sequence is consistent
with a report of avalanching into the summit crater
(presumably triggered by the earthquake) prior to
failure of the north flank (0).

The massive failure of the bulging north side of
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Figure 35.—Map showing location of eyewitnesses at time of the May 18 eruption (triangles). Shaded region, area of
devastation in which the forest was destroyed by the directed blast. Hachured area, post-May 18 crater rim.

54



Mount St. Helens was viewed from a variety of loca-
tions. None of those viewing the start of the ava-
lanche were able to observe its progress for more than

a few tens of seconds because of topographic obstruc-
tions and rapid development of the eruption cloud.
Fortunately, the initial events were recorded by

Table 5.—Locations of eyewitnesses to the May 18 eruption

Site No. No. in No. at Names of
(fig. 35) Location at the time of eruption party inter- those Remarks
view interviewed
0 In a small aircraft directly 2 2 K. and D. Stoffel----- This account was previously published
over Mount St. Helens. (Stoffel, 1980).
8SE North of Marble Mountain--------— 2 2 K. Anderson,
K. Kilpatrick,
15E Near road 125, east of Mount 2 2 P. and C. Hickson---——- Took photographs of initial stages of
St. Helens. the eruption.
15ENE ---do 5 2 L. McCulley, The witnesses drove to the locality
J. Findley. after the start of the eruption.
12Wa On high ridge, south of South 2 2 T. and M., Kearny------ Took photographs of initial stages of
Fork Toutle River. the eruption.
12wb —---do 2 1 F. Valenzuela-———---——-- Do.
9w On north side of South Fork 3 3 J. and A. Sullivan,
Toutle River. M. Dahl.
8w On south side of South Fork 1 1 D. Crockett————=====—m Took video tape of part of his
Toutle River. . experience.
13NW On south side of North Fork 2 1 C. McNerney—---——---—- Drove down the North Fork Toutle
Toutle River. valley outrunning the blast cloud.
17NW At a roadblock on Highway 2 2 G. and K, Baker------- Do.
504 on north side of North
Fork Toutle River.
17NEa On ridge top with a good view 1 1 K. Ronholm--==-==-=n- Took photos of initial stages of the
of Mount St. Helens. eruption.
17NEb —-—-do- 2 2 W. and L. Johnson.
17NEc ---do 5 4 G. Rosenquist, Took photos of the initial stages of
J. and L. Harvey, the eruption.
W. Dilly.
20NW On north side of ridge, south’ 4 1 J. Scymanky---—-—=——-—-= Four persons at this locality were
of Hoffstadt Creek. severely burned when overrun by the
blast cloud. Three subsequently
died.
19N On west side of Shultz Creek, 3 3 D. and L. Davis, Overrun by the blast cloud.
about 3 km south of the A. Brooks.
Green River.
18N Adjacent to Miners Creek—-—--—-———- 3 1 E. Smith--=——==-—————- Do.
21Na On north bank of Green River---- 4 2 B. Nelson, S. Ruff Two persons were killed by falling
timber knocked down by the blast
cloud.
21Nb ---do 2 2 D. Balch, B. Thomas-—- One witness was injured by falling
timber; the other was burned when
overrun by the blast cloud.
20N Near Deadman's Lake-—-=-==-—--—- 2 1 B. Cole.
22N On north side of Green River—--- 4 2 M. and L. Moore.
23N On ridge, 1.5 km north of 5 1 D. LaPlaunt----------- Took one photo of blast cloud as it
the Green River. topped ridge north of Coldwater
Creek.
25N 3 km north of the Green River 2 2 G. and K. Palmer.
29N —-—=do 6 1 A. Gould.
27NE On ridge 2 km east of Highway 2 1 V. Hodgson-----——=——--- Took photos of initial stages of the
504. eruption.
L3on Near northeast end of Riffe Lake 22 1 S. Rylee———-——-——mw——— Exact location unknown.
Lsonw On the South Fork Toutle River, 2 2 V. Dergan, R. Reitan.
2.5-3 km above its confluence
with the North Fork.
150Ea 3,600-m level on south side of 12 10 J. Christensen Took photos of initial stages of the
Mount Adams. (group leader). eruption.
L50Eb 2,500-2,800-m level on north- 4 1 D. Hanks.
west ridge of Mount Adams,
150Ec At Horseshoe Lake, 11 km north- 23 1 I. Guild.
northwest of Mount Adams.
175!\1 3,200-m level on Mount Rainier 5 1 J. Downing.
40W Commercial airliner at an ele- 22 1 J. Mathes.
vation of 10,700 m.
l100sE  Private aircraft over the 4 1 G. Treat.

Columbia River at an eleva-
tion of 2,900 m.

lsite not shown on figure 1.
Query, exact number not known.
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photographs from several locations (0, 12W, 15E,
17NE, 27NE). Two of the following accounts (17NEc,
15E) are based largely on these photographs rather
than on visual observations.

0.—Within about 15 s after the start of avalanching
into the summit crater “everything north of a line
drawn east-west across the northern side of the sum-
mit crater began to move as one gigantic mass.
* * * The entire mass began to ripple and churn up,
without moving laterally. Then the entire north side
of the summit began sliding to the north along a deep-
seated slide plane * * * a huge explosion blasted out
of the detachment plane. We neither felt nor heard a
thing, even though we were just east of the summit at
the time. * * * the southern portion of the summit
crater began to crumble and slide to the north just
after the initial explosion. From our view point, the
initial cloud appeared to mushroom laterally to the
north and plunge down. Within seconds, the cloud
had mushroomed enough to obscure our view” (Stof-
fel, 1980).

17NEc.—One observer watching the mountain
through binoculars saw the north side start to get
“fuzzy, like there was dust being thrown down the
side.” Several seconds later the north face began to
slide. The lower part of the north slope seemed to
slide away more quickly than the upper. The first
dark-colored cloud appeared near the middle of the
north slope in an area vacated by the slide, and a
light-colored cloud formed near the summit. A short
time later, a very black cloud emerged from the sum-
mit area. The upper part of the north flank moved
downward and the flank eruption seemed to explode
through the moving material. The flank eruption
grew rapidly, especially to the north.

15E.—"As the avalanche reached the halfway point
on the mountain, the summit eruption began with a
dense black cloud followed by lighter gray material.
A second eruption halfway down the slope occurred
moments later * * *.” At this time the avalanche ap-
peared to consist of upper and lower parts. The flank
eruption was between the two. Seconds later the
upper slide overrode the flank eruption and material
was hurled far downslope onto the lower slide. About
45 s after the landslide began, the eruptive centers
merged and the rapidly expanding cloud overtook the

avalanche.
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17NEa.—The “bulge was moving * * * the whole
north side was sliding down.” The first cloud ap-
peared to form at the bottom of a “cirque-like” wall
from which the bulge had moved. Within about 20 s
the landslide was out of view behind a ridge. At this
time, there were two distinct clouds which seemed to
be emanating from separate vents; an extremely dark
one rising vertically from the summit, and a lighter
one from the north flank.

12Wa.—Goat Rocks (a volcanic dome at the
2,000-m level on the north flank) slid down to the
north. Two eruption clouds formed, one from the
summit and the other from the north side. The cloud
from the north flank grew very quickly and discrete
objects could be seen being hurled to the north.

DISCUSSION

The above accounts agree remarkably well and
reveal the following sequence. The earthquake appar-
ently preceded, and therefore probably caused, the
catastrophic failure of the volcano’s bulging north
flank. The initial landslide followed the quake within
seconds and initially consisted of at least two large
slump blocks. Moments later, eruptive activity began
near the middle of the north flank above the lower
slump block, and near the summit. The upper slump
block was blown apart as it descended across the
rapidly growing flank eruption.

DIRECTED BLAST
ACCOUNTS

DISTANT OBSERVATIONS

50Ea.—Climbers on Mount Adams saw material
moving to the north less than 1 min after the begin-
ning of the eruption. One of the climbers reported
seeing what seemed to be a shock wave, similar to
that associated with a nuclear explosion, traveling to
the north 30 s or less after the start of the eruption.

75N.—Climbers on Mount Rainier observed two
distinct “flows,” which began very shortly after the
eruption started. These “flows” were described as
clouds 1,000-2,000 ft thick that appeared to hug the
ground. The heads of the “flows” disappeared into



valleys and reappeared as they “hopped” over ridges.
The earlier flow traveled to the west, perhaps down
the North Fork Toutle River, and was followed
almost immediately by a “flow” that seemed to travel
to the east.

OBSERVATIONS SOUTH, EAST, AND WEST OF
DEVASTED AREA

15E.—About 45 s after it began, the avalanche was
hidden by the developing eruption cloud. For a short
time, a steep, smooth front of the eruption cloud
could be seen rushing down the north slope of the
volcano. In contrast, as the cloud spread eastward the
front became billowy rather than smooth. The base
of the cloud seemed to turn under and no basal
avalanche was visible. There was no sign of a shock
wave; trees were not knocked down ahead of the
cloud, but disappeared under it.

17NEa.—A dark cloud grew vertically from the
summit. A lighter cloud, which seemed to come from
the area vacated by the landslide, grew more or less
spherically except that a large “arm” shot out to the
north in the direction of the avalanche. The spherical
cloud seemed to approach from the mountain—not as
part of the northward arm—and reached the ridge
closest to the mountain 25-30 s after the start of the
landslide. When the cloud hit the ridge, it rose and
boiled upwards.

17NEb.—Shortly after the vertical eruption began,
a large horizontal blast occurred. Just before the top
of the mountain became obscured, the south side of
the summit crumbled into the hole formed by the
landslide. As the cloud grew, what appeared to be a
shock wave similar to that associated with a nuclear
explosion moved ahead of the cloud. About 172 min
after the start of the landslide and perhaps 45 s after
the start of the blast, a noise like a clap of thunder ac-
companied some sort of pressure change. The initial
noise was followed by a continuous rumbling “like a
freight train.”

17NEc.—A rumbling noise began within 7-8 s of
the start of the landslide. One member of the group
sensed a pressure decrease at about the same time. A
“shock wave,” which looked like heat waves, formed
ahead of the blast cloud.

12Wa.—Spherical black clouds seemed to rise
simultaneously from the summit and from the north
flank. The cloud boiling out of the north side was
larger than that from the summit and grew very
quickly. After perhaps V2 min, discrete objects could
be seen being hurled to the north. A barely audible
rumbling was the only noise accompanying the erup-
tion.

I2IWb.—A very short time after the start of the
landslide, a black jet developed at the top of the
moving bulge. A light-gray, ground-hugging cloud
moved downslope to the north. The west edge was
about 45 m thick. This initial part of the directed blast
was not particularly dense: “You could look into it
but not through it.”

I3NW.—Following the collapse of the north side
and the appearance of a black and white jet, a white
ring, like campfire smoke, came down as an apron
around the mountain. This foglike ring descended
very quickly and expanded out from the mountain. A
black cloud, which seemed to rise near the summit,
followed and caught up with the ring near timberline.
The leading wall of the black cloud could be seen
through a white haze as it climbed over a ridge. A
warm wind began to blow from the mountain. It in-
creased in intensity to 30-40 knots, causing trees to
bend and some branches to break.

About 2 min after the beginning of the eruption,
the witnesses began driving west at about 70-75
mi/hr. At this speed, they did not seem to get any far-
ther from the cloud. The wind blowing into the car
through an open sun roof was warm enough to give
the impression that the car heater was on. At State
Highway 504 they increased their speed to about
85 mi/hr and began outdistancing the cloud. About
2.5mi farther west on State Highway 504 they
stopped and could not see the black cloud. After a
short time the cloud reappeared, moving downvalley
at about 45 mi/hr. The white mist still preceded the
dark cloud by about Y2 mi. The base of the black
cloud looked “like avalanches of black chalk
dust—first, one part of the black cloud would shoot
out in front, then another, then another, like waves
lapping up on a beach.” Pulling back onto the
highway they outran the cloud at about 65 mi/hr.

17NW.—A short time after the landslide, the view
toward the mountain was replaced by a “big black
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inky waterfall.” This “waterfall” appeared to hit a
ridge a few miles up valley within 15-30 s. At this
time the witnesses began driving west on State High-
way 504 at about 100 mi/hr. After 3-4 min the black
cloud had almost reached them. The cloud front was
shell shaped with the leading edge of the cloud 100 yd
to either side and 50 yd behind. The material in the
cloud was “coming down with much authority,” then
bubbling or bouncing back up. One witness com-
pared the cloud to boiling oil with huge bubbles 6 or
more feet in diameter. They continued driving at
speeds between 80 and 105 mi/hr and about 5 min
later began pulling away from the cloud.

9W.—Soon after the start of the eruption, a rock
prominence high on the north flank exploded down
toward Spirit Lake. As a big, black cloud started roll-
ing over the hills, the witnesses jumped into their
truck and began driving west at 75-80 mi/hr. After
they had traveled about 4 mi, a dark-gray cauliflower
cloud billowed above the ridge to the northwest
ahead of them. They realized that something had
moved down the North Fork Toutle River valley
faster than they were able to drive parallel to it down
the South Fork Toutle River valley.

27NE.—Following the landslide, two clouds, one
from the summit and the other from the north flank,
grew rapidly. About 25 s later, the cloud on the north
began to billow near the base of the north side. After
45 s, the cloud seemed to be spreading laterally, with
a tremendous amount of material coming from low
on the north side and perhaps rising from the Spirit
Lake area. A rumbling noise, which lasted only a few
seconds, began 1v4-1%2 min after the start of the
eruption.

OBSERVATIONS NORTH OF DEVASTATED AREA

22N.—A noise similar to, but which “didn’t sound
quite right” for, a propeller-driven aircraft occurred
for 10-20 s before a rapid pressure change, which
caused ears to pop numerous times over a period of
about 10 s. One person also felt as if she was being
squeezed gently over her entire body. A short time
later, an immense ash cloud approached that seemed
to consist of a lower vertical wall and upper over-
hanging part.

20N.—A pressure change which caused ears to pop
10-15 times over an interval of %2-1 min was fol-
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lowed a half minute or so later by a rumbling which
sounded very much like a jet plane. At this time the
eruption cloud could be seen in the direction of
Mount St. Helens. Two or three minutes later, as the
upper part of the eruption cloud passed overhead, a
wind, like the updraft around a large forest fire,
began blowing toward the mountain.

25N.—The whole north side of the mountain
seemed to explode out over Spirit Lake 5-10 s after a
couple of small puffs of steam came from the summit.
Almost simultaneously there was a noise like a distant
cannon. A loud roaring noise—"like a train going
by”’—began 30-45 s after the first puffs of steam. The
eruption cloud seemed to spread horizontally and
then later rose vertically. As the cloud moved north-
ward, it could be seen as it passed each ridge and
seemed to follow the slope down into the next valley.
The cloud reached the ridge north of Coldwater
Creek about 12 min after the initial puffs of steam
were observed. About 5 min after the beginning of
the eruption, a “wave front” moved southward across
Riffe Lake. Then a 2- to 3-s, 50-mi/hr gust of wind
from the north hit the wall of ash and “stood it up,”
slowing it greatly.

29N.—Following some white steam and a small
black cloud from the summit, a much larger cloud
rose from the north flank. At this time, a large piece
of the north flank seemed to be airborne. Ten to fif-
teen seconds after the earthquake, light-colored
material appeared over the high country around
Mount Margaret. A gentle rumbling was heard about
this time. An instant later, a huge dark wall appeared
over the Mount Margaret area. Within seconds it had
covered the area around Fawn, Hanaford, and Elk
Lakes, and in another 10-15 s reached Elk Rock.
“When it hit that point it seemed to split—you could
see a wall of ash going down the North Fork of the
Toutle.” The other branch moved more northerly and
there seemed to be standing green timber in between.
At first timber was knocked down far ahead (esti-
mated 2-3 mi) of the ash wall. The ground where the
trees had been knocked down was no longer green. A
wall of greenery “a mile high” could be seen in the air
ahead of the wall of ash. The ash cloud overtook the
green material before it reached Black Mountain, and
trees were no longer flattened ahead of the ash. As the
wall of ash moved downslope toward the Green
River, it was preceded by a surflike wave of ash.



When the wall reached the Green River, it seemed to
be stopped, as if the river was a firebreak. The cloud
seemed to be “stood up” by something, then curled
over so that the upper part preceded a lower vertical
wall to the north. At about the same time a wind
began blowing toward the mountain at 40-50 mi/hr.

23N.—About 20 s after the earthquake there was a
loud roar and possibly a second quake. At this time a
small plume of ash coming from the mountain began
to grow so rapidly that within 5 or 6 s the mountain
was completely obscured. Shortly after this, some ash
appeared at some point to the west and then at some
point near the headwaters of the Green River to the
east of Mount Margaret. About 20 s after the roaring
noise began, the front of the blast cloud appeared
atop the ridge north of Coldwater Creek, and was
described as follows: “All of a sudden the whole thing
seemed to come up all in one big line and just loom
right up in front of us.” One photo taken at this time
shows the cloud front to be no more than a few
thousand feet high. Before the blast cloud appeared,
the region around the mountain was visible, although
the mountain itself was obscured. The cloud moved
toward the witnesses at high speed, and seemed to
follow topography—rolling over everything like a
track on a caterpillar tractor. After driving several
miles to the north, the witnesses noted “at least
80 mi/hr winds” were blowing off Riffe Lake to the
south. The wind seemed to stand the blast cloud

straight up.

30N.—Five to seven minutes after a rumbling
noise, part of the eruption cloud passed high over-
head. At about this time, a sudden 40-knot wind
blew toward the mountain lasting about 10 s and was
followed by an 80- to 90-knot wind that blew away
from the mountain. The second gust was sufficiently
strong to knock down one of the witnesses.

OBSERVATIONS WITHIN DEVASTATED AREA

I9N.—A photo taken shortly after the eruption
was first noticed shows the eruption cloud above and
in the area of Mount St. Helens, viewed over the
ridge north of Coldwater Creek. Seconds after the
blast cloud crossed this ridge, “I looked east toward
Hanaford Lake and Fawn Lake and that area—it
looked like that whole mountain range had just ex-
ploded.” As the blast cloud approached, “it looked

like a boiling mass of rock—and just as high as you
could see.” Trees were picked up and thrown into the
air at the leading edge of the cloud. The cloud seemed
to follow the topography. As the blue-black cloud
approached, there was a rumbling noise. No wind
preceded the cloud’s arrival.

As soon as the blast cloud enveloped the area, it
became totally dark and got very hot. One witness
received burns on the right side of both legs a little
above the ankles. Although they did not blister, these
burns were quite deep and not entirely healed at the
time of the interview (3 mo after the eruption). A doc-
tor said that the burns were similar to microwave
burns. This person also received burns on the upper
back of the thighs and another witness was burned
along the forearms. Why the burns occurred in these
places is not clear. In addition, the heat deformed the
grill of the truck the witnesses were in, and a styro-
foam cooler in the truck bed was melted.

For a short time after the blast cloud arrived,
“chunks” of material could be heard hitting the truck.
At this time the right side of the truck, which was
toward the volcano, received extensive damage, in-
cluding breaking of the vent window, stripping of the
chrome trim and outside rear view mirror, and severe
sandblasting of the paint. Shortly after the blast cloud
arrived, the inside of the truck’s windshield was
found to be so cool and wet that the witnesses felt cer-
tain that the material deposited outside must have
contained ice. In a short time it became lighter for a
few seconds, then became totally dark again.

18N.—An external-frame tent which had been tip-
ped on its side to dry was suddenly blown over by
several gusts of wind. This was immediately followed
by noises like three rifle shots in the distance and then
by an apparent pressure change which seemed to
force the witnesses to the ground. A black cloud shot
overhead 10-15 s after the noises. “Golf-ball-sized”
and smaller pieces of rock dropped from this cloud
(some of these were collected and are a gray dacite).
The cloud moved some distance to the north and then
pulled back to the south (so that blue sky appeared
overhead) in a span of about 5 s. Although the cloud
pulled back, it did not completely disappear from
sight. The cloud reapproached with a “roaring noise.”
As it passed overhead, a cedar tree began to fall and
within seconds “there were no trees left.” Seconds
later it was totally dark and ash was falling so heavily
that visibility, with a flashlight, was no more than a
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foot. Although thousands of trees fell, the witnesses
did not hear them, nor did they feel a blast or wind at
that time: “whatever happened, it happened over our
head.” The first material to fall “was cold and was
like mud,” and may have contained some ice. The
particles seemed to be somewhat larger than sand
sized and appeared to fall vertically. A minute or two
after the trees blew down, it became uncomfortably
hot, as if a forest fire was nearby. The heat did not
last long.

2INb.—One of the witnesses may have sensed a
pressure change; however, the other did not recall
such a change. Nevertheless, for some reason they
simultaneously sensed something unusual. One of the
witnesses looked to the west (or southwest) and
observed a “red column” extending to some height.
He quickly “dove” out of the tent and rolled under a
previously downed tree. As soon as he got under the
tree “something hit—I could just hear this big rumble.
I was just instantly buried.” Trees came down on
either side of the log he was under. His leg or hip was
broken at this time. The other witness, in the open
when the blast cloud arrived, was knocked to the
ground immediately. He quickly reached forward
and felt several logs which he used to drag himself
more or less upright. The first material to hit him was
“mud and ice. There were chunks hitting me in the
back and melting.” He was very wet after being hit
with this material. After about 3 s, it got extremely
hot. He became suddenly dry and was then burned on
his hands, scalp, and several other places. The
witness who was buried by downed trees and the in-
itial blast material was not burned and perceived the
heat only as being “real warm.” Although it stayed
very warm (estimated 130°F) for quite some time the
intense heat which caused the burns was short lived.
Material, which seemed to be “dirt clods,” fell for
about 7 min. During this time visibility ranged from 0
to 1 ft. This material quit falling quite suddenly.
“Then it was almost sunny.” At this time the deposit
was 3-4 in. deep. Several minutes passed before ash
began falling again.

2INa.—A very strong wind, which blew flames
from the campfire flat along the ground and held
braids of hair out horizontally, preceded the blast
cloud by about 10-15 s. The witnesses were able to
move about in the wind with little trouble, and no
trees were toppled by it. No noise was associated with

the approach of the cloud, and no concussion or loud
noise was noted prior to the cloud’s arrival. When the
cloud arrived, it became totally black and all of the
trees seemed to come down at once. The witnesses
were instantaneously buried in a combination of
timber and “ash” and probably fell into a hole left by
the root ball of a blown-over tree. They could talk to
each other but could see nothing. After perhaps 10 s,
it got very hot. At this time they could hear their hair
“start to sizzle” as it was singed. One witness, who is
a baker, estimated the heat to be like an 300°F oven.
“Pitch boiled out of trees” and remained hot enough
to cause minor burns several minutes later. The sky
cleared suddenly after several minutes and remained
clear for a few more minutes. Then a dense ash fall
began again.

20NW.—The witness and two companions were
felling timber with chainsaws. Mount St. Helens was
hidden by a ridge and the three men neither heard nor
felt anything unusual until they were alerted to the
eruption by a fourth man. About 10 s later, “a horri-
ble crashing, crunching, grinding sound” came
through the trees from the east. Suddenly it became
totally dark: “I could see absolutely nothing.” It im-
mediately got very hot, and almost impossible to
breathe. While the men were gasping for air, the in-
side of their mouths and their throats were burned.
The witness was knocked down although he does not
recall being hit by rocks or other projectiles. He arose
with his back to searing, painful heat that lasted
about 2 min. At about this time visibility began to
return. All trees had been knocked down, and
everything was covered with about a foot of drab
gray ash. None of the men’s clothing had been burn-
ed, but their bodies had been burned extensively.
Three of the men subsequently died. Heavy ash fall
resumed after about 20 min.

DISCUSSION

With few exceptions, the eyewitness accounts agree
that: (1) close to the mountain no loud concussive
noise was associated with the directed blast; (2) no
shock wave preceded the blast cloud; (3) the blast
cloud expanded horizontally, especially to the north,
much faster than it rose vertically; (4) the velocity of
this horitontal movement was great; and (5) the blast
involved a brief period of intense heat that followed
the blast front by a short time.



Although loud noises due to the eruption were
heard hundreds of kilometers away, the blast seems
to have been surprisingly quiet in the vicinity
of Mount St. Helens. A similar phenomenon was re-
ported for the climactic eruption of Krakatoa in 1883,
which was heard 5,000 km away but not on neighbor-
ing islands (Symons, 1888). Close to Mount St.
Helens, a variety of noises was associated with the
early stages of the eruption. The most commonly
described noise was a rumbling or roaring sound,
which was variously described as from lasting only a
few seconds and being barely audible to being a con-
tinuous loud roar. The source of this noise is not
totally clear. One group, located approximately
17 km from the mountain (17NEc), thought that this
sound began less than 10 s after the beginning of the
landslide. Another estimate from the same locality
(17NEb) places the onset of noises about 45 s after the
start of the blast. The first estimate does not seem
reasonable, because if the noise originated at the
mountain, its onset would have been well before the
beginning of the landslide. The second estimate seems
more reasonable if the rumbling was generated by the
onset of vigorous venting (that is, by the blast itself).
Some rumbling noises may have been due to the land-
slides and debris avalanche. Also, the roaring may in
part be due to the felling of thousands of trees by the
blast, although most observers did not connect the
two. Only one person’s graphic description—"a hor-
rible crashing, crunching, grinding sound”—seems to
fit the destruction of a forest. In fact, the lack of re-
ported noises associated with trees falling is striking.

Although three individuals reported seeing what
appeared to be a shock wave preceding the blast
cloud, no witness reported feeling one. The phe-
nomenon described as a shock wave may have been
something entirely different, perhaps similar to the
white mist that led the blast cloud down the North
Fork Toutle River valley (13NW). Several individuals
sensed a pressure change. To some this was a rather
vague feeling, while others experienced very definite
sensations such as ear popping, being squeezed all
over, or being pushed to the ground. This rather mild
baric phenomenon certainly caused no damage.

As the blast cloud expanded, one might expect it to
have displaced the air ahead of it, causing a strong
wind away from Mount St. Helens. Surprisingly,
only a few observers reported such a wind. One
report (13NW) describes a warm 50-60 km/hr wind
down the North Fork Toutle River valley. This wind

was strong enough to break some branches, but not
to fell trees. Two other accounts (18N, 21Na) report a
wind preceding the blast cloud by 10-15 s in the
Green River valley. This wind was strong enough to
blow braids of hair out horizontally and knock over a
propped-up tent, but it did no damage.

The absence of a shock wave or hurricane wind
preceding the blast cloud is consistent with the fact
that very few witnesses were able to observe trees
being knocked down. Those who witnessed the
cloud’s advance from the east, the northeast, the
North Fork Toutle River valley, and most localities to
the north, did not see any damage done. Even some
of those within the blow-down zone could not see
trees fall (20NW, 21Na, b). The people within the
blow-down zone reported that the trees fell suddenly
at the moment of the cloud’s arrival, and that it
became completely dark at the same instant. Another
report (19N), confirmed that the trees fell at the
cloud’s leading edge, although in this case the trees
were seen thrown into the air. Of those within the
blow-down zone, only one witness, located in the
valley of Miners Creek (18N), saw trees fall and noted
that the entire forest had been flattened before he
was enveloped in total darkness. This seems to be
the result of his being in a steep-sided valley and
apparently having the blast cloud move overhead,
hitting the upper parts of trees while momentarily
permitting light from the north.

Only one account is not easily reconcilable with all
destruction occurring at, or after, the arrival of the
blast cloud (29N). This report indicates that, at least
in some localities, the forest was destroyed a substan-
tial distance ahead of the blast cloud. In the absence
of a shock wave or preceding high wind, it is difficult
to explain what mechanism might have caused de-
struction in advance of the cloud.

Photographs from the east, northeast, and west
show the top of the blast cloud to be quite low
(12Wa, 15E, 17NEa, c). From Mount Rainier, the
head of the blast was seen disappearing into valleys
and reappearing as it topped ridges (75N), and just
north of the Green River, witnesses watched the
cloud pass over each ridge and follow the slope into
the next valley (25N). Impressive testimony to the
ground-hugging nature of the blast cloud is provided
by those north of the Green River who did not see its
approach until it suddenly topped the ridge north of
Coldwater Creek (23N, 29N). These witnesses looked
over the top of the blast cloud to the vicinity of
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Mount St. Helens while the cloud traveled 13 km to
the north. The northward progress of the cloud from
the top of this ridge down to the Green River was
witnessed by a number of people. All of these felt that
the cloud closely followed topography. However, in
at least one case, the blast cloud traveled some
distance above ground level (18N).

All eyewitness accounts agree that the blast cloud
moved at a high velocity. Although the information
in these accounts is highly subjective, it is possible to
use it to make some crude estimates of the cloud’s
speed. Two reports, one from a location roughly
22 km north (23N) and the other about 27 km north-
northeast (29N) of the north flank of Mount St.
Helens, allow a rough calculation. The first describes
a rumbling noise approximately 20 s prior to the
cloud’s topping the ridge north of Coldwater Creek;
the latter a rumbling noise only a few seconds before
the cloud reached this location. Both observers could
first see the cloud after it had traveled approximately
13 km. It would take a sound from the vicinity of
Mount St. Helens about 66 s to reach the first location
and 81 s to reach the second. Therefore, if the roaring
began at the time the blast began, the time for the
cloud to travel 13 km can be estimated as:

66 s+ 20 s (estimated) = 86 s

81 s+a few seconds=85 s
Rounding this to 172 min because of the approximate
nature of the data yields an average velocity of
140-150 m/s (310-335 mi/hr) for the 13 km.

This high velocity applies to the “northward arm”
of the blast (17NEa). In other directions the blast
moved much more slowly. In particular, testimony
from those who drove away from the blast cloud
down the North Fork Toutle River valley (13NW,
17NW) indicates that the cloud’s velocity may have
been as low as 20 m/s and certainly was no higher
than 45 m/s in that part of the valley west of Elk
Rock.

Although material at and near the leading edge of
the blast cloud flattened trees and damaged vehicles,
movement of high-velocity material did not last very
long. In two cases, individuals who had apparently
been knocked down by the arrival of the blast cloud
were able to regain their feet quickly (20NW, 21Nb).

The majority of those hit by the blast reported that
the first material in it was cold and that a short time
elapsed before it became hot (18N, 21Na,b). Several
of these people suggested that this cold material con-
tained ice. The difference between the blast’s arrival
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and that of the heat was estimated to be 3 s by one
individual who was directly exposed (21Nb). Other
estimates were somewhat longer (18N, 21Na). Only
one individual reported the simultaneous arrival of
the blast and heat with no evidence of preceding cold
material (20NW). The interviewees found the dura-
tion and intensity of the thermal event extremely dif-
ficult to judge. Most thought that the intense heat
lasted a few minutes or less. This short duration ex-
plains why those who were completely unprotected
received severe burns (20NW, 21Nb), whereas those
who were somewhat protected by a vehicle or fallen
timber escaped with few ill effects from the heat.

As the blast cloud reached the limits of its destruc-
tion, a number of observers to the north witnessed a
rather sudden slowing of its movement. Many de-
scriptions refer to strong winds towards the moun-
tain, to the cloud front being “stood up,” and to the
cloud’s curling over so that the upper part preceded a
lower vertical wall to the north. These descriptions
are extremely similar to the following description
of the 1951 eruption of Mount Lamington, Papua,
New Guinea (Taylor, 1951): “The black cloud whirl-
ing and billowing like an oil fire could be seen ad-
vancing * * *. The summit of the cloud appeared to
curl over like a wave about to break on shore, but
when its front was less than a mile away a brisk
breeze sprang up and the cloud rolled back again.”

SUBSEQUENT PHENOMENA
ACCOUNTS
DEVELOPMENT OF THE VERTICAL COLUMN

Most of those in the immediate vicinity of Mount
St. Helens lost sight of the mountain very shortly
after onset of the eruption. Hence, for the most part,
they were unable to observe the development of the
vertical column. Cool winds blowing toward the
mountain were noted at many locations minutes after
the beginning of the eruption, during or soon after the
development of the vertical column (8W, 12Wb, 20N,
23N, 25N, 29N, 30N, 50Ea, 50Eb).

15E.—It was impossible to tell precisely when the
vertical eruption began. However, it could be deter-
mined that no major vertical eruption took place for
several minutes after the initial eruptive events, and



that a well-developed column was present within
about 10 min.

40W.—The pilot of a commercial airliner, located
about 25 mi west-southwest of Mount St. Helens at
an altitude of about 35,000 ft, spotted the eruption at
about 0838. The enormous energy of the eruption
sent the ash column from about 25,000 ft to the
plane’s altitude in about 2 min. In another 2 min it
had risen to 60,000 ft. The column then spread into a
mushroom-shaped top reaching a diameter of about
35 mi in about 4 min. The column below the mush-
room top was about 15 mi in diameter. A thistlelike
spike projected above the top of the mushroom
cloud. The top of the mushroom expanded so rapidly
that it soon passed over the airliner. A short time
later, the airline pilot heard another pilot flying on
the east side of the mountain complain over the radio
of being pelted by rocks, presumably falling from the
mushroom cloud.

75N.—The column grew rapidly and assumed a
classic mushroom shape in about 3-5 min. The mush-
room shape continued to develop for about 15 min;
then the top of the cloud began to drift to the east.

100SE.—When the eruption was first noted, the
mountain was obscured, and a vertical tube of ash
could be seen disappearing into a layer of haze about
1,000 ft above the summit. The witness’ watch read
0835 at this time. A few minutes later the column
began to grow, reaching a diameter of about 10 mi in
S min.

ELECTRICAL PHENOMENA

Lightning and other electrical phenomena associ-
ated with the eruption were so spectacular that many
witnesses mentioned them. Many witnessed displays
of “ordinary lightning” impressive only in the size and
frequency of bolts. To some the lightning appeared to
be mostly from cloud to cloud (8SE). A heavy con-
centration of vertical lightning at altitudes of
25,000-30,000 ft was entirely within the vertical erup-
tive column (40W). Others noted many cloud-to-
ground strikes (9W, 15E), some of which started
forest fires (12Wb) and one of which struck an indi-
vidual (20N). Beneath any part of the eruptive cloud,
radios became useless because of static (8SE, 12Wa,
27N). On Mount Adams, climbers noted that the air

became electrically charged as the ash cloud moved
overhead, and one climber received an electrical
discharge upon raising his ice axe (50Ea).

Some observers witnessed unusual forms of light-
ning. Some of the lightning (9W, 1SENE, 17NEa) ap-
peared red. 25N: It wasn't normal lightning—“first a
white dot appeared in the cloud, and then a bolt
would shoot out from it.” 100SE: The lightning was
in ball form “streaking toward the ground, connected
neither with the cloud nor with the ground. It was
like a group of balls all going in the same direction,
but going much too fast to have been projectiles.”
29N: After the cloud passed overhead, lots of light-
ning started 600-800 ft in the air and formed “big
balls, big as a pickup and just started rolling across
the ground and bouncing.”

MUDFLOW ON THE SOUTH FORK TOUTLE RIVER

8W.—Less than 10 min after the beginning of the
eruption, a huge mass of water, mud, and trees
crashed down a small tributary within the South Fork
Toutle River valley. It snapped off trees and “ex-
ploded” when it hit lows, bursting as much as 60 ft
when it hit obstacles. A similar flow then swept
across the road about 100 yd to the north, moving
trees, rocks, and stumps. A few minutes later a sub-
stantial but much smaller flow, containing numerous
trees and other debris, was still moving down the
valley. About 8 min after the first flood, the witness
crossed the flow path by wading through material like
“warm concrete” and a flow of very muddy, cool
water. The river returned to and stayed within its
deep channel until about 1400, when there occurred a
second smaller flood deep enough to spill out of the
channel.

40NW.—Sometime after 0900, the South Fork
Toutle River began rising and quickly rose 2 or 3 ft.
The river was slightly muddy and carried numerous
logs. About 2-3 min after the first logs moved down-
stream, a railroad trestle moving at about 25 mi/hr
appeared about 2 mi upstream with an enormous log
jam behind it. Trees were being snapped off about
30 ft beyond the original streambanks. As the trestle
went by, large logs behind it rolled up the bank. The
mass of thick mud and logs pushed the witnesses and
their car off the bank and into the river. They were
swept along for about 5 min at about 25-30 mi/hr in
very thick, warm (70°-80°F) mud. The witnesses
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jumped from log to log toward shore where the flow
was moving more slowly, and waded the last 40 yd in
warm mud over 1% ft deep. The mud continued to
rise slowly for a short time. After perhaps 15-30 min
the mud and logs stopped moving.

AIR-FALL MATERIAL

8SE.—Although a dark cloud passed overhead
several minutes after the start of the eruption and re-
mained overhead for 10-15 min, the area received no

ash.

12Wb.—About 30 min after the start of the erup-
tion, ash began to fall at a point somewhere between
the initial observation point and Goat Mountain
(southwest of the volcano; fig. 35). The ash fall lasted
about 10 min.

8W.—About 15 min after the start of the eruption,
a dark cloud descended from the mountain and sand-
sized ash began raining down vertically. The witness
sensed pressure pulses on his face and in his ears that
seemed to correspond to periods of more intense ash
fall. He experienced difficulty in breathing during the
heavy ash fall and clearly attributed this difficulty to
a lack of air, not to clogging of his nose and mouth
with ash.

15ENE.—At roughly 0900, chunks of ice as much
as 1 or 1% in. in diameter began to fall. The ice fell
for 2 or 3 min and was followed by “ice-cold mud-
balls” as much as 3V in. across, which splattered
when they landed. About 45 min after the eruption
started, “B-B-like” ash began to fall. Warm pumice as
much as 1% in. in long dimension soon joined the ash
fall. The witnesses drove south on road 125 and
quickly left the ash fall.

15E.—Mud, which one of the witnesses (a geolo-
gist) recognized as accretionary lapilli, began to fall at
about 0915. About an hour later (1015), the falling
material included pumice.

20NW.—About 20 min after the arrival of the first
cloud, it began to get dark again and quickly became
“pitch black” as ash fell heavily. Forty-five minutes
later it began to get light, but a dense vertical rain of
dust-sized gray ash continued, gradually decreased,
and finally stopped after about 4 hr.

I9N.—A few minutes after the blast and a brief
period of light, the ash fall was so dense that the
truck’s headlights produced only a dull diffuse glow.
Even with the lights on the witnesses could not see the
truck’s hood. Breathing was difficult due to a “talcum
powderlike” ash. By 0900 the witnesses were able to
follow the edge of the road by using a flashlight held
within 6 in. of the ground. “Pretty good sized” par-
ticles continued to fall with enough horizontal veloc-
ity that the witnesses were able to maintain some
sense of direction from the angle at which these par-
ticles fell. It began to get light a little after 1000, and
by 1020 visibility was roughly 30 ft.

21Na.—Atfter the blast and a few minutes of clear
sky, hot ash began to fall. Again it became totally
dark. This ash seemed to fall vertically. It was “like
someone pouring a bag of it over your head.” This ex-
tremely heavy ash fall lasted about 15 min. The ash
fall was so intense that the witnesses had to use their
fingers to dig the ash out of their mouths. They put
their shirts over their heads in an effort to keep the
ash out of their mouths and noses. After 15-20 min
“stuff started coming out of the sky.” They could hear
this material hitting trees. One witness was hit on the
head by something large enough to raise a lump.
During the heavy ash fall, they became cold, sleepy,
and nauseous, but did not suffer from headaches.
After an hour and a half visibility began to return.

2INb.—After a period of clearing following the
blast, powdery ash fell heavily for about %2 hr and at
a lesser but significant rate for another half hour. The
witnesses experienced difficulty in breathing in that
their mouths and noses became clogged and they had
to repeatedly spit out ash. The intensity of the ash fall
varied somewhat so that visibility ranged from essen-
tially zero to about 20 yd. The witnesses sat with their
backs to the southwest and the ash seemed to be hit-
ting them from that direction, although the horizon-
tal velocity was not great.

18N.—Fifteen or twenty seconds after the blast
cloud moved overhead, ash was falling so intensely
that, even with a flashlight, visibility was no more
than 1 ft. The first material to fall “was cold and was
like mud” and seemed to fall vertically. During the
heavy ash fall, the witness experienced feelings of
peacefulness and serenity and had to make a con-
scious effort to stay awake. After 45 min to 1 hr, the



ash fall had diminished so that he could see the
ground with the aid of a flashlight. Hours later ash in
the area ranged from 6 in. to knee deep in drifts.

22N.—Eight to ten minutes after the witnesses first
observed the eruption cloud, ash began falling in
small clumps “like snowflakes.” The ash fall increased
so that within minutes the darkness was similar to
that in a cave. The intense ash fall continued for a
period of V2 to 1 hr. Although the ash made noise
while falling, it felt dry, and when examined after-
wards it felt like talc. Within hours after the ash fell it
was about 2 in. deep. The next morning it had com-
pacted to 172 in. at the same locality.

20N.—The first material to fall was sand-sized ash,
which felt moist and was not warm. As the ash fall in-
tensified, it became extremely dark and, based on the
noises that the ash made as it fell through the trees,
the particle size increased. These larger particles fell
for about 45 min and then stopped quite quickly. Ash
continued to fall until about 1000, when it got light
very quickly: “It was just like you opened your eyes.”
The depth of ash was about 1 in. Ash collected by the
witnesses from a pickup truck 22 mi to the north-
west was examined by one of the authors and con-
sisted entirely of ash with numerous accretionary
lapilli.

25N.—Before the ash fall began, the witnesses
drove to site 27N where they remained for the dura-
tion of the ash fall. As the eruption cloud moved
overhead, “pea-sized ash” started to fall. This
material was damp, and fell with a substantial north-
ward component of motion. After 15 s, material that
seemed to contain rocks pelted the car for 20-30 s;
then fine ash fell vertically. The ash fall became very
dense so that it was like a “giant sifter was over you.”
Except for a 3-s period of light after about 20 min, the
complete darkness remained until 1100.

27N.—The first material to fall was a little muddy
rain. This was followed by 20-40 “pings” of solid par-
ticles hitting the vehicle during a 30-s span. It then
became totally dark as ash began to fall heavily. This
continued for about 2 hr with a 10-min interval of
very limited visibility occurring after about 40 min.

29N.—The witness was driving to the north when
warm mudballs began to fall. These balls would flat-

ten out but not spatter; “When they hit the wind-
shield of the pickup, they’d be about the size of a
golfball.” He drove into dense falls of these mudballs
four or five times. After a short time the mudballs
began to be replaced by dry ash.

23N.—The witness drove north to Riffe Lake
(about 4 mi) before any material began to fall. The
first material consisted of mudballs “the size of
50-cent pieces,” which splattered all over the car and
covered the windshield. They were quite wet and “felt
a little warm.” The mudballs began falling roughly 15
min after the start of the eruption and fell for 2 or 3
min. As the mudballs tapered off they were replaced
by dry ash.

17NEa.—The witness had driven 2 or 3 mi to the
northeast. Seven or eight minutes after the eruption’s
start, rocks began falling from the part of the cloud
that had passed overhead. He collected two “golfball-
sized” rocks (determined by one of the authors to be
dacite) from the fall. The rock fall continued for
roughly 30 s and was then replaced by material that
splattered on the windshield. As he drove, this
material was replaced by “mud drops,” which would
flatten but not splatter. The maximum diameter of a
mudball observed after flattening was about % in.
Gradually the mud fall abated and the ash fall became
heavier. The ash was finer than sand. For a short time
he encountered a second fall of mud drops, similar to
but heavier than the first. This was quickly replaced
by intense ash fall. Soon the ash fall became so in-
tense that he could no longer see to drive. The ash fall
eventually abated very gradually.

17NEb.—The witnesses left their original observa-
tion site roughly 2 min after the landslide began and
had driven about 5 mi when the upper part of the
cloud passed over them. The first material to fall was
rock. Individual pieces ranged up to 2 in. in
diameter, but most were pea sized. These rocks put
small dents in the car’s roof. The rocks were followed
by large clods, 5-6 in. in diameter, that would “ex-
plode” upon impact. The clods were replaced after a
few minutes by a warm mudfall, that gradually
decreased over 15-20 min and was replaced by dry

vertically falling ash. It was several hours before the
ash fall abated.

27NE.—After leaving his vantage point, the
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witness drove south to USFS road 125. Fairly dry
pellets began falling about the time he turned north
onto USFS road 125. These did not stick to his vehi-
cle. A short time later ash began falling. The ash
seemed to be associated with a good deal more water
in that it stuck to the windshield and could not be
removed by the wipers. Wet ash had to be scraped
repeatedly from the windshield for about half an
hour, after which the ash became drier.

50Ea.— At roughly 0900, the front of the eruption
cloud passed overhead, and shortly thereafter ash
began to fall. Mixed with the ash were charred
“wood, cones, and some branches up to 12-16 inches
long.” Also noted in the falling material were a few
pieces of pumice. The ash fall lasted about 30 min and
left a deposit Y4-% in. thick.

50Eb.—About 0900, the eruption cloud enveloped
the area. The first material to fall consisted of B-B-
sized pellets. About 5 min later branches and ever-
green cones began falling. The branches were as much
as 16 in. long and % in. in diameter and so
numerous that at any one time nearly 100 were in the
field of view. These items were singed and hot when
they landed. About 10 min after the ash fall began,
the B-B-like pellets were replaced by larger disc-
shaped pieces up to % in. in diameter. Branches and
ash continued to fall for about 80 min; then the ash
fall ceased. By 1045 it was clear at 8,000 ft and above.
However, below 5,500 ft ash continued to fall until
after 1600.

50Ec.— At about 0850, chunks of light-gray pumice
began falling, making a pinging noise in the trees.
Most of the pumice was the size of pea gravel, but oc-
casional pieces reached %: in. in diameter. The
pumice fall lasted about 5 min. At 0900 the sky grew
very dark and B-B-sized pellets began falling. The
pellets splattered on impact. Coarse sand-sized ash,
finer than the first B-B-sized material, continued to
fall while the witness drove to Randle.

75N.—At 0915 (by the witness’ watch), “twigs
from evergreen trees coated with ash” began to fall.
These twigs were as much as % or 1 in. in length and
were charred. The start of the ash fall was very
gradual, but when the group reached their camp
about 1 hr after the start of the eruption, a layer of
fine ash coated the tent. The ash was finer than sand

but caused a gritty sound on one’s teeth. The ash fall
remained quite light so that it was barely visible in the
air. However, it did accumulate slowly on the ground
so that several hours later, it had attained a thickness
of %~V in.

DISCUSSION

Several minutes elapsed between the initial erup-
tive events and the development of a vertical eruptive
column. However, once the column began to develop
it apparently grew very quickly, rising from about 7.5
to 18 km in roughly 4 min, and then mushrooming at
about that altitude to a diameter of 55 km in another
4 min (40W). The column maintained its mushroom-
shaped top for about 15 min, after which the top
was blown in an easterly direction by high-altitude
winds (75N). The rapid growth of the column and
mushroom-shaped top and the rather short existence
of the top may indicate that the early vertical erup-
tion was most energetic during the first few minutes.

Mudflows, at least in the South Fork Toutle River
valley, began very shortly after the eruption. Only
about 10 min elapsed between the start of the erup-
tion and the maximum flood down the South Fork
Toutle, 10 km west of the mountain. In this part of
the valley, the flood moved extremely fast, bursting
into the air as it hit obstructions (8W). Further down
valley, near the confluence of the North Fork and
South Fork Toutle River, the mudflow had slowed
considerably but still moved at a velocity perhaps as
great as 40 km/hr (40NW).

High horizontal velocities were not associated with
airborne material beyond the area devastated by the
directed blast, nor with material that fell at points
within that area, except for a short time immediately
after the blast cloud arrival. At many localities,
coarse lithic fragments preceded or accompanied the
first minute or so of ash fall. Much of the early
material was damp or wet and fell as large mudballs
that may have been aggregates of accretionary lapilli.
In general, the particle size and moisture content
decreased with time.

Little evidence exists for the presence of large quan-
tities of magmatic gases. When asked about odors,
many eyewitnesses said only that they thought that
they smelled “sulfur” during and after the dense ash
fall and compared this odor to that of a match. Al-
though several individuals experienced trouble with
breathing, most attributed this difficulty to having



their mouths and noses clogged with ash. Two in-
dividuals (8W, 20NW) attributed breathing diffi-
culties to a lack of oxygen. Two other descriptions
might be interpreted to indicate a lack of oxygen or
exposure to a noxious gas: one of the individuals
mentioned being cold, nauseous, and sleepy (21Na);
the other reported sleepiness accompanied by a feel-
ing of serenity (18N). However, these symptoms may
be the individuals’ reactions to shock.

The material that fell on and near Mount Adams
(50E) and on Mount Rainier (75N) was probably
carried to great altitude by the vertical column and
then by high-altitude winds to the northeast. Wind
direction from Mount St. Helens on May 18 was not
directly toward either Mount Adams or Mount
Rainier. The short duration of the ash fall at Mount
Adams might be explained if only the edge of the
“mushroom top” passed over the area. The remnants
of evergreen trees that fell on Mount Adams and
Mount Rainier were certainly from the forest
destroyed by the directed blast. Somehow these frag-
ments became incorporated in the early stages of the

vertical eruption and were carried to great heights
and distances.

The early stages of the vertical eruption also con-
tained pumice, which was the first material to fall at
one locality (50Ec), and which was also noted on
Mount Adams (50Ea). Closer to the mountain, both
groups to the east of Mount St. Helens (15E, 15ENE)
also observed falling pumice. The widespread pres-
ence of pumice in the air-fall material suggests that
the eruption was magmatic at a very early stage.
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THE 1980 ERUPTIONS OF MOUNT ST. HELENS, WASHINGTON

TIME SCALE FOR THE FIRST MOMENTS OF THE
MAY 18 ERUPTION

By BARRY VOIGHT

ABSTRACT

A sequence of photographs taken at irregular intervals by Gary
Rosenquist documents a complex succession of events at the
beginning of the catastrophic May 18 eruption of Mount St.
Helens. Calculations of the time intervals between individual
photographs and absolute times for these photographs were made
in order to enhance their value to scientific studies of the events of
the May 18 eruption. Time intervals were derived by comparing a
dynamic model to the motion of ice avalanches as displayed by
the photographic sequence. That analysis yielded an average in-
terval between frames of about 1.8+0.2 s (seconds), and a
cumulative time of roughly 32-40 s for the sequence. Next, times
were referenced to an earthquake at 0832:11.4 PDT, which in-
itiated a catastrophic rockslide. Rockslide motion apparently
commenced at about 0832:21 PDT. About 700 m of slip, which
took place in about 26 s, then occurred before the first frame of
the Rosenquist sequence that shows displacement was taken, at
approximately 0832:47 PDT. Uncertainties include the time inter-
val after the earthquake and before the slide, and assumed ice-
avalanche dynamic parameters, but the data are relatively well
constrained; blast-front destruction of seismic station SOS at
0833:29.5 PDT provides an upper bound, and consideration of
frictionless ice-avalanche motion provides a lower bound.

INTRODUCTION

The photographs taken by Gary Rosenquist clearly
document a complex succession of events that oc-
curred during the first minutes of the May 18 eruption.
Initiated by earthquake shocks, the north slope of

Mount St. Helens (figs. 36, 37, 38) began to slide
northward (slide I) along a newly formed fracture
system, and was accompanied by ice avalanches on
the northeast margin (figs. 36, 37C; Voight and others,
this volume). The summit area collapsed and followed
in a second block, termed slide II. Meanwhile, ash-rich
eruption plumes developed both from the summit and
from the 600-m-high scarp of slide 1. The scarp erup-
tions expanded to form a large, laterally directed blast
that devastated the landscape in a large sector north of
the volcano (Christiansen and Peterson, this volume;
pl. 1).

The evolution of each of these events can be
followed in detail in the photographs, so that they are
of enormous scientific value. However, because the
film was advanced by manual manipulation of a wind
lever, irregular time intervals separate the individ-
ual photographs. This report presents a first-
approximation analysis of the timing of the Rosenquist
photographs, in order to provide a basis for studies of
dynamic evolution of events, including calculation of
velocities, that occurred during the first few minutes of
the May 18 eruption, and also to provide a better
understanding of such events.

Comparable analyses, used by Moore and Albee
(this volume), have been carried out by S. D. Malone
of the University of Washington, using a different ap-
proach that involves several data sources. Malone
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Figure 36.—Index map of Mount St. Helens showing area of rockslide-avalanches and Forsyth
ice avalanches in relation to Gary Rosenquist’s observation site near Bear Meadow. Glaciers
indicated by screen pattern. Qutline of figures 39, 40, and 41 shown.

generously exchanged information with me, and his
comments on an earlier draft resulted in important
improvements in this paper. We plan to compare our
independent studies in further detail in the future, in
order to provide a second-approximation analysis.
This analysis was made possible by the generosity of
Gary Rosenquist and Linda Harvey, who made avail-
able the complete photograph sequence.
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Figure 37.—Sketches of Mount St. Helens based on Rosen-
quist photographs. A, sketch from frame b, just before May
18 eruption, showing spot elevations, approximate eleva-
tion contours (blue), and geographic names; B, outline of
rockslides I and Il boundaries on frame b; and C, sketch of
frame d showing rockslide boundaries and Forsyth ice
avalanches. Movement of slide Il indicated by downward
shift in the position of top of slide I scarp from frames b
to d.
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A ©Gary Rosenquist 1980

B ©Gary Rosenquist 1980

Figure 38.—Slide and eruption sequence at Mount St. Helens. Copyrighted photographs by Gary Rosen-
quist, 1980, published with permission. Approximate time intervals indicated by C ;5 scale. See figure 37
for geographic names, elevations, and identification of ice avalanche and slide blocks. A, frame b. Time
about 0827 PDT, roughly 5 min before the eruption. B, frame c. Time (t.) approximately 0832:47 PDT.
Slide 1 has been displaced 700 m from position in frame b; instantaneous velocity at that time about



©Gary Rosenquist 1980

D ©Gary Rosenquist 1980

50 m/s. Slide II has been displaced 100 m, and slide I scarp is 600 m high. Ice avalanches IA and IB in mo-
tion. Blurred image reflects camera movement. C, frame d. Time, tc + 0.8 s. Further movement indicated
for slides I and Il and ice avalanches IA and IB. Red-brown dust plumes trail Goat Rocks. Growth indi-
cated for summit plume and explosion clouds from slide I scarp. D, frame f. Time, t- + 2.4 s. Further
development of slides I and Il and eruption clouds. Summit plume rises behind main summit (slide 1I)
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©Gary Rosenquist 1980

©Gary Rosenquist 1980

F

scarp. Ice avalanches IA and IB fully developed; ice avalanche Il comprises several small lobes in early
stage of development. E, frame i. Time, t.+ 6.3 s. Most of slide I beyond zone of depletion. Mixed juvenile
and steam explosions hide slide I scarp, and sagging of slide Il pronounced. Projectiles rise from summit
plume. Ice avalanches IA and IB have coalesced, with the IA front over spur below Dogs Head. Further
development of ice avalanche II. F, frame |. Time, t. + 10.0 s. Summit plume exhibits growth, and blast



G ©Gary Rosenquist 1980

H ©Gary Rosenquist 1980

cloud fills zone of depletion behind slide 1. Further development of slide blocks and ice avalanches.
G, frame n. Time, t. + 13.0 s. Pronounced vertical and lateral expansion of summit plume. Laterally di-
rected blast develops behind slide I, with blast-cloud front moving over Sugar Bowl. Ice avalanche IA at
head of ravine above Timberline parking area; and ice avalanche II coalesced into single lobe. H, frame
o. Time, tc + 16.7 s. Continued evolution of summit plume and blast cloud. Ice avalanche 1A beyond limit
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I ©Gary Rosenquist 1980

] ©Gary Rosenquist 1980

of visibility. Piecemeal collapse of the crown of the slide Il scarp (amphitheater rim). I, frame r. Time, t.
+ 24.1 s. Projectile trails encompass blast clouds; predominant lateral expansion of summit clouds. Ice
avalanche 1l passes over spur below Dogs Head. ], frame u. Time, to + 31.8 s. Further development of
blast clouds with projectile swarms. Expansion of summit cloud, and retrogressive collapse of amphi-
theater rim.



THE PHOTOGRAPHS

On the morning of May 18, 1980, Gary Rosenquist
was camped near Bear Meadow, northeast of Mount
St. Helens, about 17.5 km from the summit (fig. 36).
Others in the group included Linda and Joel Harvey
and William Dilly. Dilly described hearing “rumbles”
on the morning of May 18, and reported the occur-
rence of a small billow of white steam near the
summit. At that time Rosenquist mounted his camera
on a tripod and took one photograph of the moun-
tain. The camera was left on the tripod, while Dilly

Figure 39.—Area of northeastern part of Mount St. Helens
in vicinity of Sugar Bowl and Dogs Head. May 12 ice-
avalanche deposits form brown tongues north and north-
east from Sugar Bowl. Position of avalanche fronts were
mapped on prints of the Rosenquist photographs, and
transferred by eye directly onto this image. Figure 40 is
produced from this image. Photograph by U.S. Forest
Service (FO 42 8005 10).

watched the mountain through binoculars. As he
watched, the north slope west of Dogs Head (fig. 37)
became “fuzzy, like there was dust being thrown
down the side,” and began to move. Dilly shouted
that the “mountain was going,” and within a few
seconds Rosenquist began taking photographs in
rapid succession.

The Rosenquist photographs (fig. 38) are classified
alphabetically. Frame a is a photograph at dawn, and
b is the photograph taken just a few minutes before
the May 18 rockslide. Frame c is the first of the
sequence showing displacement; the last of the se-
quence is w. Twenty-one frames display the move-
ment record, and two show the initial conditions; ten
of the frames are included in this report (fig. 38). The
complete sequence can be obtained from G. Rosen-
quist, P.O. Box 66173, Seattle, Wash. 98166.

DEVELOPMENT OF THE TIME SCALE

The time scale for the photographs was derived in
two steps. First, the time intervals were established
for successive photographs. Next, an absolute time
estimate (t;) was given for frame c, the first frame
that records displacement. Absolute times for each
frame were then approximated by adding successive
time intervals to f..

TIME INTERVALS

Establishment of time intervals can be accom-
plished by at least two methods: (1) attempted repli-
cation of action by the photographer, as timed with a
stopwatch, or (2) measurement of particle displace-
ment between successive photographs, coupled to an
adequate dynamic model of particle motion. The first
method could give a time-interval scale useful for
rough approximations of dynamic change. However,
because of the relatively large number of photographs
and the interval irregularity, the second method was
considered more appropriate for this study.

This study was influenced by several additional
considerations. For example, one of the principal
purposes for establishing a time scale was to permit
study of the dynamic evolution of the catastrophic
rockslide-debris avalanche. Direct use of data from
the rockslide-avalanche for interval time-scale deter-
mination was therefore deliberately avoided. A



geologic event or series of events depicted throughout
the photographic sequence was, nevertheless, re-
quired to establish motion from frame to frame.
Finally, a reasonably reliable dynamic model of
motion-time relations was required.

These requirements were satisfied by analysis of
three ice avalanches from the Forsyth Glacier, re-
ferred to as Forsyth ice avalanches IA, 1B, and II. The
three ice avalanches originated in the sector of the
glacier between Sugar Bowl and Dogs Head on the
northeast shoulder of Mount St. Helens (figs. 37C,
39). Ice avalanches IA and IB were in motion by the
time frame ¢ was taken. The front of IA can be
followed through frame o to the ravine above the
Timberline parking area (fig. 40A), where it passes
out of sight. Avalanche IB can be followed as a
distinct unit to frame j; it then merges with IA
(fig. 40A). Ice avalanche II began somewhat later,
and its evolution can be followed in the photographic
sequence to the last frame, w, when it, too, passes
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from sight (fig. 40B). Average slope angles for the
avalanche routes are 18.0° for IA, 23.5° for IB, and
22.0° for II (figs. 41, 42). The route for avalanche II
flattens to about 18° in its lower part.

The boundary of each avalanche, on each frame,
was mapped from 12.6 X 20.2-cm prints of excellent
quality, and transferred by eye to a May 17, 1980,
aerial-photographic base (fig. 39). Taken the day
before the May 18 eruption, this base photograph
contains various details in texture and color (such as
the May 12 ice-avalanche deposit below Sugar Bowl)
that permitted mapping of relatively high accuracy.
Horizontal travel distances were scaled from the
photograph, and actual travel distances were com-
puted using slope angles from topographic profiles.
Photographic distortion is a possible source of error,
but is considered small relative to other factors.

It was assumed that the displacement of each ava-
lanche front could be simulated, to a first approxima-
tion, by an Amonton-Coulomb (linear basal friction)
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Figure 40.—Map of Forsyth Glacier ice-avalanche fronts as seen on Rosenquist photographs. Letters identify
frames. A, ice avalanches IA, IB; B, ice avalanche Il and blast cloud.
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Figure 41.—Northeastern part of Mount St. Helens. Ap-
proximate track of ice-avalanche lobes indicated by red
lines. Points of avalanche origin indicated by arrows.
Topographic profiles A-D, B-E, C-D are shown in figure
42. Base map August 15, 1979 (Moore and Albee, this
volume).

idealization. Air resistance was neglected, and
uniform (average) slopes were used. Existing knowl-
edge of ice avalanches is limited, compared to infor-
mation available for snow avalanches (Mellor, 1968,
1978), but frictional models of ice movement have
been used by other authors (Haefeli, 1965; Mellor,
1978; Slingerland and Voight, 1979, table 4), and
similar models have been widely used for rock ava-
lanches (Pariseau and Voight, 1979). Nevertheless,
this use of frictional models has been mainly a con-
venience; a simple friction model can be useful, but is
probably only an approximation of movement for an
avalanche in rapid motion. Consideration of velocity-
dependent boundary shear, for example, could lead
to future time-scale adjustments, and the matter is
presently under investigation.

The displacement-friction model was used in this
study to calculate elapsed times, t; the relationship is
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Figure 42.—Topographic profiles along ice-avalanche
paths. Arrows indicate points of avalanche origin. A,

A-D; B, B-E; C, C-D.

t=(2s/a)V2, where s is travel distance based on the
avalanche maps, and avalanche acceleration a= g (sin
i-ucos i); g is gravitational acceleration, i is slope
angle, and p is apparent friction coefficient for ice.

Some constraints on ice-avalanche friction coeffi-
cients are known. According to the friction-
acceleration equation just presented, for example, no
motion could occur on an 18° slope for u>0.3;
because rapid ice-avalanche motion, in fact, occurred
on 18° slopes, a close but lesser value of u=0.25 was
originally assumed as a reasonable approximation to
maximum friction and, hence, to upper bound time
intervals. Upper bound time intervals are discussed
further in the section on “Implications of destruction
of seismic station SOS on the time scale.” Absolute
lower bound times were given by hypothetically fric-
tionless motion (u=0).

Furthermore, the driving force for the three ava-
lanches was a function of sin i, which varies between
0.31 and 0.40 for assumed average slopes between
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18.0° and 23.5°. If apparent friction coefficients were
identical, the avalanches would have moved predict-
ably different distances on different slopes for a given
time interval. This fact makes possible the estimation
of friction coefficients by comparing, for several
avalanches on different slopes, the calculated time in-
tervals for the different distances traveled during the
same frame interval. Calculated time intervals for
distances traveled were compared for avalanches 1A
and IB on frame sequences c-d to g-h; intervals were
compared for avalanches IA and II on sequences h-I
to m-n. Time differences were found to be least for
p=0.15-0.20. These values were, therefore, used as
first-approximation estimates of apparent friction
coefficients for the ice avalanches.

Average calculated time intervals for the three ice
avalanches are given to one decimal point in table 6.
For frame interval n-o and later, data are based ex-
clusively on avalanche II. The convention Cy, is used
as a shorthand designation for the time scales, and the
subscript refers to the appropriate friction coefficient.
The data suggest that the complete sequence of
photographs was taken during a cumulative time of
no less than 28.2 s and no more than 48.7 s. These are
regarded as rather extreme values, and an inter-
mediate better estimate is considered to be about 36 s,
based on the C . time scale that corresponds to the
0.15 friction coefficient. The average interval be-
tween frames is somewhat less than 2 s.

ABSOLUTE TIMES

The magnitude-5+ earthquake at 0832:11.4 PDT
presumably started minor rock and ice falls from the
south crater wall, as observed and described by Stof-
fel and Stoffel (1980). Following an interval of a few

Figure 43. —Sketches of Mount St. Helens based on Rosen-
quist photographs showing growth of eruption clouds. Let-
ters identify sequential frames. Growth rates vary spatially
and with time, but relative spacing roughly indicates
relative time intervals between frames (compare with fig.
40). Measurement lines for A and B indicate eruption cloud
data used in figures 46 and 45. A, vertical eruption plume
from summit grows while plume source sinks due to rock-
slide movement (slide II). B, bulbous explosion clouds
grow along scarp exposed by rockslide movement (slide I).
Blast cloud moves out over Sugar Bowl and toward ob-
server, in direction of seismic station SOS.

Table 6.—Time scale for Rosenquist photograph se-
quence of the May 18 eruption of Mount 5t. Helens

[First approximation. u, apparent friction coefficient for ice]

Time Cumulative
interval time
(seconds) (seconds)

Frame p=0.00 p=0.15 p=0.20 p=0.25 u=0.15

interval (CO) (C.ls) (C.ZO) (C_25) (C‘ 15)
c-d 0.6 0.8 0.9 1.1 0.8
d-e .6 .8 .9 1.1 1.6
ef .6 .8 .9 1.1 2.4
g .7 .9 1.0 1.2 3.3
g-h 7 .9 1.0 1.2 4.2
h-i 1.5 2.1 2.5 3.3 6.3
i1 9 1.2 1.4 1.8 7.5
Tk 8 1.1 1.3 1.7 8.6
k-1 1.1 1.4 1.7 2.1 10.0
T-m 1.2 1.6 1.8 2.3 11.6
m-n 1.1 1.4 1.7 2.1 13.0
n-o 2.9 3.7 4.1 4.7 16.7
o-p 1.9 2.4 2.8 3.1 19.1
Pq 2.0 2.5 2.9 3.2 21.6
q-r 2.0 2.5 2.8 3.2 24.1
T-5 2.6 3.4 3.8 4.3 27.5
st 1.1 1.3 1.5 1.7 28.8
tu 2.4 3.0 3.4 3.8 31.8
u-v 1.9 2.4 2.7 3.1 34,2
v 1.6 2.0 2.2 2.6 36.2
c-w 28.2 36.2 41.3 48.7 36.2

seconds, a major fracture propagated rapidly along
the apex of the bulge north of the summit crater.
North of this fracture, the rock mass “rippled and
churned,” apparently in place, for an interval of
several additional seconds. The north face then slid
down in a gigantic rockslide, as indicated by the Stof-
fel and Rosenquist photograph sequences (Voight and
others, this volume, fig. 201; fig. 38). Each of the two
time intervals mentioned above has been estimated at
5-10 s by Dorothy and Keith Stoffel (oral commun.,
November 1980). Noting the slowness with which
slide movements begin from a static condition, the
onset of rock sliding is arbitrarily taken as 0832:21
PDT. An error of several seconds could easily be
associated with the estimated delay time, and an
adjustment of this estimate may eventually be
necessary.

Next, the time interval between the rockslide initia-
tion and Rosenquist frame ¢ was estimated from a
dynamic model for rockslide motion. If friction is
constant, acceleration (a*) of the slide mass can be
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calculated as a function of displacement (x) from

m

where p* is the apparent coefficient of rockslide fric-
tion, m is slide mass, and T(x) and N(x) are average
shear- and normal-force components on the slide sur-
face. Displacements and velocities were determined as
a function of time, assuming various values for rock-
slide friction coefficient and using standard equations
of motion (fig. 47). These theoretical results were
compared to data on rockslide movement as deter-
mined from the Rosenquist photographs.

Measurement on the Rosenquist photographs indi-
cates that the distance traveled by slide I by the time
frame ¢ was taken was about 700 m. With zero rock-
slide friction, a minimum time of 21.4 s was required
to produce this displacement. But displacements and
velocities for the rockslide after frame ¢ was taken,
plotted as a function of time using the ice-avalanche-
based time scales (fig. 47), suggest that u* = 0.1 for
the rockslide. These data suggest that approximately
26 s elapsed between slide initiation and frame c.
Therefore, for frame c, t. = 0832:47 PDT, acknowl-
edging an uncertainty of a few seconds. Estimated ab-
solute times for each frame can now be determined by
adding the cumulative times to t (table 6).

IMPLICATIONS OF DESTRUCTION
OF SEISMIC STATION SOS ON
THE TIME SCALE

Telemetered seismic station SOS, at lat 46°14'38"
N., long 122°08'36” W. (NE3SE} sec. 23) between
Spirit Lake and Mount St. Helens, was destroyed at
0833:29.5 PDT (S. D. Malone, oral commun., De-
cember 1980). Its destruction 78.1 s after the earth-
quake is interpreted by many to be the result of the
passage of the blast front. This event can be used to
place a maximum elapsed-time constraint on the time
scale and the time interval between the earthquake
and the rockslide, and then to make estimates of
blast-cloud velocities.

An approximate minimum elapsed time of 33 s be-
tween the earthquake and Rosenquist frame ¢ can be
concluded by the allowance of only 7 s (approxi-
mately a lower bound) for the earthquake-to-
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rockslide initiation interval described by Stoffel and
Stoffel (1980) and the acceptance of 26 s as the time
required for slide I to move to the position shown in
frame c. The position of the laterally directed blast
cloud in the Rosenquist photographs in relation to the
landscape indicates that the seismic station was not
destroyed before frame w. A reasonable upper bound
for the Rosenquist photographic sequence cumulative
time from frame c to w is therefore 78-33 =45 s. If the
interval between earthquake and rockslide is 10 s,
78-36 =42 s is the sum of the photographic-sequence
time and the time required for the blast cloud to reach
station SOS from its position on frame w. This 42-s
value very nearly matches the cumulative time for the
photographic sequence for the C,; scale, by itself.
Thus, if 10 s is a reasonable time interval between the
earthquake and the rockslide, and some time is al-
lowed for travel of the blast from the frame w posi-
tion to station SOS, then the cumulative time for the
photographic sequence is likely less than 40s.

A maximum time interval between the earthquake
and slide initiation can be estimated by the following
two arguments:

1. If an estimated time of 26 s is accepted for rock-
slide movement to frame ¢, and an absolute
lower bound (zero ice-avalanche friction C,)
cumulative time of 28 s is assumed for the
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Figure 44.—Displacement and velocity plotted versus
time, for time interval between frame o and destruction
of seismic station SOS. Triangle, displacement data
point based on direct measurement; circle, velocity data
point based on displacement measurement and time cal-
culated from Rosenquist photographs. C ;5 time scale.



Rosenquist sequence, 78-54 =24 s remains to be
divided between the earthquake-to-slide-
initiation interval and the time required for the
blast cloud to travel from its position in frame
w to station SOS.

2. The minimum time interval between frames ¢ and
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o is 12.7 s by the zero ice-avalanche friction
time scale. Blast-cloud travel distance from
frame o position to station SOS is about 4 km.
An average blast-cloud velocity of 200 m/s is
regarded to be a reasonable upper bound.
Travel from the position in frame o to station
SOS required no less than 20 s for an assumed

upper bound average horizontal velocity of
200 m/s. Movement of slide I to its position in
frame c¢ required 26 s. The sum of these three
values gives 58.7, leaving a maximum of 19.4 s
for the interval between the earthquake and the
landslide.

These data tend to confirm the Stoffels’ estimate
of a maximum of 20 s, based on their eyewitness
observations.

The blast front is assumed to have destroyed sta-
tion SOS. The blast cloud developed from the detach-
ment surface behind the initial massive rockslide
(slide I, figs. 38, 43; 202C), and moved forward to the

1 |

160 L 1 1 | L1 |

I T

|
0 T 1 T T

a -
® —
-
Q@
5 -
ey

3_
3

[¢)

o0
-
o

p q
20 30

TIME, IN SECONDS

Figure 45.—Velocity of displacement of various slide and eruption phenomena plotted versus elapsed time from t,

where t¢ is time of first Rosenquist posteruption photograph. Time scale C ;5. Shown are Forsyth ice avalanches (IA,

IB, and Il in red), the rockslide-avalanche (slides 1, 1I), the northeast-moving blast cloud front near Sugar Bowl, erup-
tion clouds from rockslide scarp (A, B), and eruption plume from the summit. Data for slide I are averages from
numerous points, data for slide Il are from a single point.
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north over slower moving slide debris and to the
northeast over Sugar Bowl. After the time of frame /,
the blast cloud passed beyond the limits of the slide-
detachment surface (fig. 38). Over Sugar Bowl, the
blast-cloud margin can be viewed until frame r
(fig. 40B).

Using the C ,; time scale and ¢ »=0832:47 PDT, the

blast cloud passed station SOS about 25.8 s after its
position on frame o over Sugar Bowl. The horizontal
distance is almost 4 km, so the blast’s average
horizontal velocity was 156 m/s (fig. 44; slope-
parallel velocities are generally about 5 percent
higher).

By frame r (figs. 40B, 44), the blast cloud had
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Figure 46.—Displacement of various slide and eruption phenomena plotted from first Rosenquist posteruption
photograph. Time scale C ;. Shown are Forsyth ice avalanches (IA, IB, and Il in red), the rockslide avalanche (slides
I, II), the northeast-moving blast cloud front near Sugar Bowl, eruption clouds from rockslide scarp (A, B) and erup-
tion plume from the summit. Data for slide I are averages from numerous points, data for slide Il are from a single

point.



moved somewhat farther; the time interval from its
position in frame r to station SOS is about 18.4 s, so
the average horizontal velocity for 3.55 km travel
from the position in frame r to SOS is about 193 m/s.
These average horizontal velocity values may be
compared to calculated instantaneous velocities of
about 50-100 m/s for the blast cloud at the Sugar
Bowl position (fig. 44, 45); the instantaneous velocity
noticeably increased with displacement. The average
blast-cloud velocities from Sugar Bowl to SOS are
much higher than instantaneous velocities at the
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Sugar Bowl position.! Acceleration of the blast cloud
as it passed over Sugar Bowl suggests that an instan-
taneous velocity higher than 200 m/s at SOS was
possible.

These calculations were carried out using the
premise that the blast-cloud front destroyed station
SOS. An alternative view is that destruction was due
to strong winds in front of the moving blast cloud,

10Orientations of felled trees near the SOS site suggest that blast cloud travel
distances, as calculated from Sugar Bowl to SOS, are upper bounds. Calculated
average velocities are thus also upper bounds.
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Figure 47.— Displacement and velocity versus elapsed time from onset of slide I motion. Theoretical curves for slide I
assume kinetic frictional coefficients of 0 and 0.1. Data points from displacement measurements on Rosenquist
photographs (see fig. 202) shown for two time scales, C ;s and C ,,, and plotted with respect to two values of t¢, 21.4 and
25.7 s. Displacement of slide I at frame c taken as 700 m. The data reasonably fit the theoretical curve for 0.1 friction
coefficient; the C ,, scale seems preferable for frames indicated.
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rather than to the blast cloud itself. This precursory
wind could reduce the required blast-travel distance
associated with loss of station SOS; for example, if
the precursor wind were 200 m in front of the blast,
the average blast velocity would have been about 6
percent less.

CONCLUSIONS

Methods discussed in this report permit the calcula-
tion of estimated times of events that fit dynamic
models for the ice avalanches and slide I, and are con-
sistent with both eyewitness observation and seismic
events. A first-approximation timetable is as follows,
starting with the reference earthquake at 0832:11.4
PDT.

1. For the interval between the earthquake and the
rockslide, a range of values is estimated as 7-20 s,
based on calculations and eyewitness reports. A
reasonable estimate of 10 s after the earthquake gives
0832:21 PDT as the time of onset of slide I motion.

2. By the time of frame c (t¢), slide I had traveled
about 700 m. A dynamic model of slide I indicates
that no less than 21 s was required for this displace-
ment. A value of 26 s is suggested by comparison of
velocity and displacement data to theoretical curves,
resulting in a time of about 0832:47 PDT for .

3. Velocity data for slide I suggest that use of the
C ,, scale is preferable to the C; scale until about
frame I, inasmuch as the C . scale predicts increases
in velocity in excess of the frictionless rockslide
idealization. On the other hand, the C,; cumulative
time (41 s) for the entire photographic sequence is
large with respect to the interval of time bounded by
destruction of seismic station SOS. A cumulative time
of 40 s for the photographic sequence is probably too
high, whereas a time of 32 s, which was obtained
using the C,; scale for frames c to I and the C, (fric-
tionless) scale for frames m to w, is likely too low.
The C , scale provides a reasonable cumulative time
estimate of 36 s. This value is probably accurate to
within 4 s, or within 13 percent of the actual value.

4. The average time interval between frames is thus
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1.8+0.2 s. Individual intervals between frames for the
C |5 scale vary from 0.8 to 3.7 s. These intervals are at
present considered slightly low for frames c to ! and
too high for the remaining frames.

Other eyewitness photographs can be fixed in time
by correlation with the time scale based on the Rosen-
quist photographs. One method of correlating is by
matching various slide or eruption-cloud positions,
such as the height of the summit plume above the
crater. Data that can be used for this purpose are
shown in figures 46, 45, and 43.

Although further adjustments are anticipated, this
time scale is considered to be sufficiently accurate to
permit dynamic analyses of various eruption phe-
nomena (see figs. 47, 44). For example, the data sug-
gest velocities of 50-70 m/s for slide I, 50-100 m/s for
the blast cloud at Sugar Bowl, and 90 m/s (peak ve-
locity) for the summit plume.
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GEOPHYSICAL
MONITORING

Geophysical monitoring techniques have provided
the primary basis, at Mount St. Helens and other in-
tensively instrumented volcanoes such as Kilauea in
Hawaii, Etna in Italy, and Asama in Japan, for at-
tempting relatively short-term forecasts or predic-
tions of eruptive activity. Although the geologic rec-
ord of past eruptive activity is especially useful in as-
sessing frequency, style, and probable consequences
of future eruptions, geophysical techniques for moni-
toring seismicity, ground deformation, gas composi-
tions, thermal features, gravity and magnetic
changes, and so on commonly provide the first defi-
nite signs that an inactive volcano will erupt in the
near future.

At Mount St. Helens in 1980, the abrupt increase in
earthquake activity at shallow depth beneath the vol-
cano, beginning on March 20, was recognized within
a few hours as indicating possible impending eruptive
activity. Geophysical monitoring was especially im-
portant in April and early May, when continued
relatively mild steam-blast eruptions provided little
evidence that a catastrophic event was approaching.
Both the sustained high level of seismic activity and of
ground deformation on the north-flank bulge in-
dicated that the volcano could be building toward
some major event. Ground deformation was
monitored both by geodesy and by photogrammetry.

After May 18, patterns of seismicity and ground
deformation changed markedly, but these indicators
continued to provide key information on the readi-
ness of the volcano to erupt and the size and depth of
the underlying magma body. Electronic-tilt, micro-

gravity, and magnetic measurements recorded small
but significant changes around Mount St. Helens at
various times during the 1980 eruptive activity; while
offering less clear predictive information, they pro-
vided valuable constraints on the geometry of the
magma body beneath the volcano.

Before May 18, the volume of gas emissions was
small, apparently because the magma body was too
deep or too well sealed for gases to reach the surface.
By early June the SO, emissions had reached much
higher levels, probably reflecting rise to shallow
depth of the magma body that erupted explosively on
June 12 and shortly afterwards formed the first 1980
lava dome. Beginning in early July, CO, and H, were
also monitored repeatedly, and variations in abund-
ances and ratios of these gases provided possible ad-
vance indications of several eruptions.

Like the gas studies, aerial infrared thermal
monitoring provided only limited indication of the
major changes in the volcanic edifice prior to May 18,
other than those associated with the summit crater.
After May 18, thermal monitoring provided informa-
tion about temperature distributions in relatively in-
accessible slopes of the volcano, in the crater, and on
the lava domes. Direct measurements of temperatures
in erupted deposits provided a remarkable data set for
the 1980 eruptive products that helps to constrain
emplacement mechanisms for the debris avalanche,
directed blast, and pumiceous pyroclastic flows of
May 18 and subsequent eruptions.

Monitoring of eruptions by aviation radar yielded
estimates of heights and density of ash-rich eruption
columns above and downwind of the volcano. Visual
observations of the volcano were supplemented
beginning in late July by a closed-circuit video
surveillance system installed on a vantage point 9 km
north of the vent.



SEISMIC STUDIES

Continuous monitoring of earthquakes has been
especially useful for anticipating volcanic activity and
interpreting volcanic processes. Patterns of earth-
quake hypocenters can give indications of shifting
locations and depths of activity within a volcano, and
analysis of numbers and magnitudes of earthquakes
provides information on rates of energy release. Most
eruptions are preceded by notable increases in earth-
quake frequency, magnitude, and energy release be-
neath the volcano.

The earthquake swarm at Mount St. Helens pre-
ceding the May 18 eruption provided a remarkable
opportunity to characterize precursory seismic phen-
omena associated with andesitic-dacitic volcanism
(Endo and others). Daily earthquake counts gradually
increased for 5 days prior to the first major earth-
quake on March 20, which was of magnitude 4.2 and
located only a few kilometers beneath the volcano.
The number of earthquakes peaked on March 27,
concurrently with the first hydrothermal eruption. A

gradual decrease in earthquake counts through April
and early May was accompanied by an increasing
number of larger magnitude events; as a result, the
rate of energy release remained high and nearly con-
stant. Most of these earthquakes were confined to a
small volume, less than 2.5 km deep, beneath the
growing bulge on the north flank of the volcano. The
May 18 eruption was triggered by a magnitude-5+
earthquake, slightly larger than any previously re-
corded at Mount St. Helens, but no specific precur-
sory seismicity has been recognized for the May 18
eruption, other than the entire earthquake sequence
that started in late March.

After May 18, earthquakes beneath the volcano de-
creased in number and magnitude, occurred at depths
as great as 20 km, and were widely distributed along
zones extending tens of kilometers northwest and
southeast of the volcano (Weaver and others). Com-
plex earthquake sequences in the crater area, includ-
ing periods of harmonic tremor, accompanied
magmatic eruptions after May 18 and were helpful in
forecasting some eruptive activity a few hours in ad-
vance, as discussed later in this volume (Malone and
others).
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THE 1980 ERUPTIONS OF MOUNT ST. HELENS, WASHINGTON

LOCATIONS, MAGNITUDES, AND STATISTICS OF THE
MARCH 20-MAY 18 EARTHQUAKE SEQUENCE

By ELLIOT T. ENDO, STEPHEN D. MALONE!, LINDA L. NOSON?,
and CRAIG S. WEAVER

ABSTRACT

The earthquake swarm at Mount St. Helens preceding the
May 18 cataclysmic lateral blast provided an excellent opportu-
nity to characterize precursory seismic phenomena associated
with andesitic-dacitic volcanism. Major features of the swarm in-
cluded a gradual increase in seismicity starting in mid-March, a
magnitude-4.2 earthquake on March 20, a significant increase in
the number of earthquakes on March 25, a saturated record until
March 27, a gradual decrease in the daily number of earthquakes
after March 27, and, on the morning of May 18, a magnitude-5.1
earthquake preceding the blast.

Of over 10,000 earthquakes recorded by an online computer
system between March 20 and May 18, seven hundred were
selected for preliminary hypocenter location. Epicenter locations
were restricted to a 3-km-diameter region approximately coin-
cident with a surface area of intense deformation. Hypocenter
depths calculated during a preliminary test of a recently devel-
oped crustal model, which was based on explosion data, show the
earthquakes were confined to a small volume less than 2.5 km
deep beneath the north flank of Mount St. Helens.

From March 20 to May 18 more than 2,400 earthquakes with
local magnitudes greater than 2.4 were recorded by the Mount St.
Helens seismic network. Magnitude-frequency relations suggest
two distinct classes of shocks. One class produced a b-value of
0.6, consistent with tectonic-type earthquakes. Another group,
referred to as low-frequency earthquakes, produced a b-value of
2.8, consistent with volcanic swarms observed elsewhere.

Preliminary total seismic-energy-release calculations indicate a
lower limit of 1.8 x 10?° ergs for the entire swarm up to May 18.
Daily seismic-energy release prior to March 27 was low compared
to daily energy release after March 27.

INTRODUCTION

At 1547 PST on March 20 a magnitude-4.2 earth-
quake beneath Mount St. Helens marked the first
strong quake of an earthquake swarm that preceded
the lateral blast and cataclysmic eruption of May 18.
The swarm, unprecedented for Cascade Range volca-
noes since the development of short-period, high-gain
seismic telemetry systems, provided an excellent
opportunity to characterize an earthquake swarm
associated with orogenic-belt volcanism.

A combination of fortunate circumstances made
possible a joint University of Washington and USGS
effort to deploy both portable and telemetry seismic
stations in the Mount St. Helens area. In Seattle, at
the University of Washington, a recently installed
online computer became the primary seismic data-
acquisition system. From March 20 to May 18 ap-
proximately 10,000 earthquakes were digitized in real
time and recorded on magnetic tape.

This report presents the hypocenter locations of a
subset of the earthquakes recorded. In an expanded
data set, earthquake magnitudes, counts, and seismic-
energy release are also discussed. A short section on
historical seismicity is included.

1University of Washington, Seattle, Wash. 98195.
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DATA AND ANALYSIS

The data analyzed for this paper come from several
sources. One of those sources is the detailed reanaly-
sis of some data that could not be examined as care-
fully during the crush of events in the early stages of
Mount St. Helens activity. For this reason, the results
presented here supplement and in places supersede
those reported by Malone and others (this volume),
which describe the data collection network and the
results of preliminary analysis.

The hypocenter data presented here were collected
by the combined telemetry and portable recording
network. This network was frequently reconfigured
as the earthquake sequence progressed (fig. 59). (See
Malone and others, this volume, for network descrip-
tion.) During the first few days of the sequence only
a regional-station network was available, and thus
hypocenters could not be accurately determined. As
additional stations were added, the network im-
proved, increasing the accuracy of solutions for
earthquakes later in the sequence.

The seismograms for the earthquakes used in this
study have been read from plots made from digital
data at a scale of about 1 cm/s. Because of the large
number of events and the time-consuming task of
reading the seismograms, we have restricted the pres-
ent hypocenter analysis to only those events larger
than magnitude 3.2. We hope that in the future we
can, with the adoption of more efficient computer-
assisted timing routines, process a significant portion
of the more than 10,000 earthquakes recorded.

At present, shallow-crustal-structure studies of the
region around Mount St. Helens are not complete.
Hence earthquake hypocenter locations were calcu-
lated first using an earth structure model originally
determined to locate earthquakes in the central Puget
Sound basin (Crosson, 1972). Although these earth-
quake locations are considered to be preliminary, we
believe that the epicenters will change little compared
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to the change in computed focal depths. Because the
accuracy of an earthquake location largely relies on
the station distribution, number of stations operating,
earthquake magnitude, and quality of first arrival
data, our discussion on earthquake locations is di-
vided into time periods corresponding to changes in
the seismic network surrounding Mount St. Helens.

For study of the earthquake time sequence, we used
magnitudes and energy-release data from particular
stations that were recorded on visual drum recorders
(Helicorders). Data from stations SHW (Mount St.
Helens), located only 3.5 km from the summit, and
CPW (Capitol Peak), located 110 km to the north-
west, were used for analyzing the change in earth-
quake occurrence as well as the rate of seismic-energy
release. Magnitudes were calculated from seismo-
grams recorded by a standard Wood-Anderson tor-
sion seismograph located in Seattle, 165 km to the
north of the mountain. These magnitudes, as well as
those reported by the Newport Observatory (457 km
northeast of Mount St. Helens), were used to produce
a new coda-duration magnitude scale appropriate for
the earthquakes at Mount St. Helens.

EARTHQUAKE CLASSIFICATION

During the course of the 1980 swarm, obvious dif-
ferences in earthquake signatures were observed on
seismic records. In addition to earthquakes with im-
pulsive P- and S-phases, earthquakes with emergent
P-phases and indistinguishable S-phases were noticed
early during the swarm. These earthquakes are
similar to two types of earthquakes described by
Minakami (1970, 1974) for earthquakes associated
with volcanoes in Japan; with modification, we use a
similar classification to describe the earthquake types
observed at Mount St. Helens.

HIGH-FREQUENCY OR A-TYPE
EARTHQUAKES

In Minakami's classification, A-type earthquakes
occur at depths of 1-20 km beneath the volcano.
Estimated depths can be inferred by the motions
recorded on seismograms. Minakami's sample seis-
mograms show impulsive P- and S-phases and a wide
range of frequency components, somewhat similar to
those of shallow tectonic earthquakes. However, the



use of a central Puget Sound basin crustal model for
hypocenter locations limited A-type earthquake
depths to less than 10 km. Although these earthquake
seismogram signatures were similar to A-type earth-
quakes in Japan, sufficient evidence to make a distinc-
tion between volcanic and tectonic earthquakes does
not exist here, especially as Weaver and others (this
volume) showed that Mount St. Helens lies in an off-
set of a major northwest-striking, right-lateral strike-
slip fault. Without refining the shallow crustal model
used for the Mount St. Helens area and further study-
ing the earthquake source mechanisms, we find it in-
appropriate to use Minakami's A-type classification
for Mount St. Helens earthquakes. Instead we refer to
all such earthquakes as high-frequency events.

LOW-FREQUENCY OR B-TYPE
EARTHQUAKES

Unlike A-type earthquakes, B-type earthquakes are
limited to shallow depths within or close under the
edifice of a volcano. For Japanese volcanoes, magni-
tudes are small; seismic records are dominated by
signals with frequencies that range from 1 to 5 Hz. A
primary classification criterion is a shallow hypo-
center depth inferred from the records by the absence
of a clear S-phase. At Asama volcano in Japan, the
frequency of occurrence of B-type earthquakes is
found to increase before explosive eruptions.

B-type events were observed prior to the March 27
eruption of Mount St. Helens, and after March 27,
B-type earthquakes of large magnitude became domi-
nant on seismic records. In spite of similarities in
earthquake signature, B-type earthquakes at Mount
St. Helens differed from Minakami's classification
in two notable ways: at Mount St. Helens, magni-
tudes were as high as 4.0, and hypocenter depths ap-
proached 2-3 km. Although a revision of the crustal
model used for hypocenter location is expected to
change maximum depths allowed in calculation of
hypocenter, it is not expected to reduce all B-type
hypocenters depths to less than 1 km, as Minakami's
system would require.

At a distance of 110 km, the Mount St. Helens
B-type earthquakes showed extended codas with
2-4 second period phases (fig. 48). As with
Minakami's events, their S-phases could not be clear-
ly identified.

Even though Minakami (1970) discusses character-
istics of B-type earthquakes in detail, their source

mechanics are not well known. Considering what is
presently known about earthquake sources, it may be
inappropriate to classify earthquakes on the basis of
hypocenter location and appearance of seismic
records. Therefore, for the purpose of discussions, we
will refer to all B-type events as merely low frequency
earthquakes.

ERUPTION EVENTS

Eruption events are seismic events that correlate
with discrete ash eruptions. The initial seismic phases
are emergent, followed by phases that rapidly at-
tenuate with distance from the volcano. Eruption or
explosion earthquakes are discussed in detail in
Minakami (1970, 1974).

HARMONIC TREMORS

Harmonic tremor is identified as a nearly con-
tinuous train of vibrations on a seismic record
(Shimozuru and others, 1966; Shimozuru, 1971;
Minakami, 1970). A variation of harmonic tremors
includes amplitude modulations recorded as a series
of sporadic bursts of noise. Kubotera (1974) described
in detail the characteristics of four types of harmonic
tremors. Harmonic tremors were observed on Mount
St. Helens seismic records prior to May 18; however,
it was not until later eruptive phases that harmonic
tremor became an important predictor.
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Figure 48.—An example from the Capitol Peak Helicorder
record showing two types of earthquakes. First event,
typical low-frequency earthquake (A) with a magnitude of
3.4 from Newport Observatory. Second event, typical
high-frequency or tectonic-like earthquake (B) with a
magnitude of 3.4 from Newport Observatory. Interval be-
tween time marks, 1 min.
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HISTORICAL WORK

Little seismic work was done at Mount St. Helens
before 1980. We are not aware of any record of earth-
quakes preceding or accompanying the eruptions
early in the last century. A catalog of felt earthquakes
in Washington (Rasmussen, 1967) lists a number of
earthquakes in the early 1900’s at Cougar, 18 km
southwest of the peak, but there is no way of know-
ing whether these shocks were related to the volcano.

A microearthquake survey of Mount St. Helens
and several other Cascade volcanoes was conducted
in 1970 by Unger and Mills (1973). Two types of
earthquakes were detected near the peak: one they in-
terpreted to be similar to volcanic B-type earthquakes
described by Minakami (1970), and the others they
interpreted as more typically tectonic in character.
The tectonic earthquakes were located just to the
southwest and northeast of the peak at moderate
depths of a few kilometers, while the volcanic earth-
quakes were located high on the cone itself at shallow
depths. While Mount St. Helens had a higher earth-
quake rate than other Cascade volcanoes surveyed,
Unger and Mills did not interpret their data to in-
dicate that the mountain was showing signs of
volcanic activity.

Additional seismic studies were undertaken at
Mount St. Helens in the early 1970's (Weaver and
Malone, 1976, 1979). Several field experiments were
undertaken to isolate low-frequency, B-type earth-
quakes. Arrays of portable seismic stations placed
around and high up on the mountain revealed the
mountain’s glaciers as the sources of the low-
frequency “earthquakes.” These, in reality, were not
volcanic earthquakes but vibrations produced as the
glaciers slid in jerky movements down the rather
steep sides of the mountain. The low-frequency emer-
gent character of these events was due to a propa-
gation effect resulting in attenuation of high fre-
quencies. The recordings of true volcanic earthquakes
during the past year reaffirms this glacial interpreta-
tion of the earlier observations.

MAGNITUDES
THE MAGNITUDE PROBLEM

The lack of complete seismic records (in particular
Wood-Anderson torsion seismograph records) of
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earthquakes from Mount St. Helens between
March 20 and May 18 presented difficulties in
generating a data set of earthquakes with uniform
magnitudes. An additional problem detected early in
the earthquake swarm was an inconsistency between
Wood-Anderson magnitudes and coda-duration mag-
nitudes. This inconsistency was determined by the
University of Washington using a coda-duration
magnitude scale developed for western Washington
(Crosson, 1972). Coda-duration magnitudes were
found to be several tenths to a full magnitude unit
greater than Wood-Anderson magnitudes. This prob-
lem was confirmed by coda duration versus Newport
magnitude plots developed with a list of Wood-
Anderson magnitudes from the Newport Observ-
atory and coda-duration magnitudes from the
University of Washington film records. These plots
indicated inflated coda-duration magnitudes and
reflected incorrect use for volcanic earthquakes of the
coda duration-magnitude relation originally devel-
oped for the earthquakes in the central Puget Sound
basin. Other problems pointed out by these plots
were a wide range in coda lengths for specific
magnitudes and an absence of earthquakes assigned
magnitudes between 4.0 and 4.5 (fig. 49).

In September-October 1980 we conducted a coda
duration-magnitude study to fill gaps in the Wood-
Anderson magnitudes reported by both the Univer-
sity of Washington and the Newport Observatory.
As a first step in this study, station corrections were
determined for Newport Observatory and University
of Washington Wood-Anderson magnitudes. A com-
parison of amplitude magnitudes from these two
sources resulted in a maximum difference of 0.3 mag-
nitude unit, a reasonable figure considering the dif-
ferences in distance, azimuth, and geologic structure
between these two seismograph stations and Mount
St. Helens.

With the corrected Wood-Anderson amplitude
magnitudes, we then developed new coda duration-
magnitude relations for Mount St. Helens earth-
quakes. Of the 2,385 earthquakes, with preliminary
magnitudes 2.4 or greater, approximately 10-15 per-
cent lacked amplitude information and were subse-
quently assigned coda-duration magnitudes. All
events were assumed to have occurred beneath the
edifice of Mount St. Helens. (This assumption is con-
sistent with preliminary hypocenter locations.)
Characteristic earthquake signatures of Mount St.
Helens earthquakes permitted confident culling of
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non-Mount St. Helens earthquakes from the data set.
Coda-duration magnitudes also provided cross check
on amplitude magnitudes.

CODA-DURATION MAGNITUDES

Our coda-duration studies, which used CPW
(Capitol Peak) Helicorder records, showed significant
differences for earthquakes of identical Wood-
Anderson magnitudes. For these studies, events were
subjectively classified as high- or low-frequency
earthquakes. Duration measurements at CPW for
two Mount St. Helens earthquakes of magnitude 3.4
(as measured by Newport) showed a 50-55 s greater
coda duration for a low-frequency event than for a

high-frequency event of comparable magnitude as
measured by Newport (fig. 48). Duration was meas-
ured from the onset of the P-phase to a point where
the amplitude of the coda drops down to background
noise level for more than 10 s. Other events with
identical magnitudes as measured at Newport showed
similar discrepancies, resulting in the development of
the previously described separate coda duration-
magnitude relations for high- and low-frequency
earthquakes (figs. 50, 51).

No short-period, high-gain seismograph station
produced continuous records throughout the 2-mo
period preceding the Mount St. Helens eruption on
May 18. Thus, CPW (Capitol Peak), LVP (Lake View
Peak), and COW (Cowlitz) Helicorder records were
used to develop independent low- and high-frequency
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coda duration-magnitude relations for each station.
In the absence of amplitude-magnitude data, the
available coda information was used, assigning earth-
quakes the average of CPW, LVP, and COW coda-
duration magnitudes. High- and low-frequency coda
duration-magnitude relations were also determined
for average coda (as defined by Crosson, 1972)
measured during routine processing of film records
from western Washington stations. Significant scatter
was noted in the average coda read from these film
records. Events were assigned film average coda-
duration magnitude only as a final measure; the coda
study resulted in eight independent coda duration-
magnitude relations: four high-frequency and four
low-frequency relations for CPW, LVP, COW, and
Develocorder-film coda. The study used 404 high-

frequency earthquakes and 1,599 low-frequency
events. Approximately 385 earthquakes were not
classified. These events occurred during late March
when Helicorder records were not available for CPW.

EARTHQUAKE COUNTS
AND LOCATIONS

JANUARY 1975-MARCH 1980

Prior to the onset of the earthquake swarm on
March 20, few events had been located near Mount
St. Helens. From 1975 to early 1980, 44 events were
successfully located within 35 km of the volcano
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Figure 50.—Coda duration versus average amplitude magnitude of low-frequency Mount St. Helens earthquakes, using
CPW Helicorder data. Red line, Crosson's (1972) central Puget Sound basin coda duration-magnitude relation; blue line,

new coda duration-magnitude relation.
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(fig. 52). An acceptable earthquake for plotting loca-
tion met the following criteria: it was recorded on five
or more stations, it had a preliminary coda-duration
magnitude greater than 1.4, and SHW was one of the
stations with data used for the location. The selection
criteria, nevertheless, did not compensate for the
poor distribution and small number of seismic sta-
tions existing in western Washington during this time.
However, pre-March seismicity simply did not indi-
cate a potential major eruption.

MARCH 16-MAY 18, 1980

Counts of earthquakes (fig. 53A) that occurred as
early as March 16 showed a small increase in the
number of earthquakes local to Mount St. Helens (de-

tected on SHW, the only short-period high-gain seis-
mic station located within 50 km of Mount St. Helens).
Considering the possibility of loggers blasting for road
contruction, however, this could have been considered
normal. From several small events per day, the daily
count went up to 13/day on March 16. On March 17,
18, and 19 the daily count was up to 34/day. Any
doubts of the reality of increased seismicity were
abruptly removed by a magnitude-4.2 earthquake
located approximately 4 km beneath Mount St. Helens
on March 20. This event was followed by a moderate
number of low-magnitude, tectonic-like earthquakes.
By March 23, Sunday morning, it was clear that the
earthquake rate was not consistent with an aftershock
sequence: rather than a decline in the number of events
per hour (fig. 53B) detected by SHW, there had been
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an increase from several earthquakes per hour to an
average of over 15/hr. With the exception of a few
events, most earthquakes were small in magnitude
(less than 2.0). Fewer than 2 percent of the detected
events were being recorded on three or more stations
of the western Washington regional seismic network.

By March 24, the hourly count exceeded 20/hr,
and corresponding with the increased rate of occur-
rence was an increase in the average event magnitude.
On Monday, March 24, a second earthquake exceed-
ing magnitude 4.0 was located at shallow depth be-
neath the mountain. At approximately noon on
March 25, a large number of events saturated the
record of the SHW drum recorder. This increased
seismicity coincided with a 10-fold increase in
average background noise levels of the high-gain
channels of the portable seismograph systems.

From March 20 to 1100 PST on March 25, there
had been 10 earthquakes of magnitude 2.6 or greater.
In contrast, 174 earthquakes with magnitudes greater
than 2.6 were recorded in the 2 days preceding the
first ash eruption on March 27. Earthquake counts
after March 27 are presented in figure 54, along with
seismic-energy release data confirming an increase in
larger magnitude events.
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Figure 53.—Counts of earthquakes from SHW records in
universal time. A, Daily counts from March 13 to 21,
1980. Most events were of insufficient magnitude to be
detected by next nearest seismic station, 50 km from the
volcano. B, Hourly counts from March 21 to midday on
March 25, at which time individual events could no longer
be recognized on Helicorder records.

EARTHQUAKE ENERGY

At this point in the analysis of swarm data from
Mount St. Helens, an appropriate magnitude-energy
relation has not been determined. Arbitrarily,
Richter’s relationship for local magnitudes was used
(Richter, 1958).

log E = 9.9 + 1.9M - 0.02Mz,

where M is local magnitude and E is energy in ergs.
The results presented in figure 54 indicate only
relative temporal changes, and should not be re-
garded as absolute figures for seismic-energy release.
In spite of the high earthquake counts leading up to
March 27, the daily seismic-energy release was lower
during this period than on all days after March 30. A
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significant increase in daily energy release occurred
after the first eruptive phase on March 27. After
March 30 the daily energy release appeared to remain
the same, reflecting the dual parameters of gradual
decrease in total number of earthquakes per day and
sustained number of larger magnitude earthquakes
per day. Preliminary total seismic-energy-release
calculations indicate a lower limit of 1.8x10%° ergs
for the entire swarm up to May 18.

A cumulative square root of energy release plot
(Gorshkov and Dubik, 1970; Tokarev, 1963, 1967,
1971) (fig. 54) shows a gradual decrease after a
substantial increase in early April. No obvious
changes are shown in the days just prior to the
May 18 eruption. The shapes of temporal distribu-
tions for earthquake counts and energy release are
similar to these on a plot presented by Gorshkov
(1959) for the eruption of Bezymianny volcano in
Kamchatka.

SPATIAL DISTRIBUTION OF
HYPOCENTERS

Approximately 700 earthquakes were selected for
analysis for the period March 20 to May 18. Initially,
selected larger magnitude earthquakes were being
located on a daily basis. By the first week of April, a
magnitude-3.2 cutoff was required to reduce the daily
analysis effort to a reasonable load. In spite of the
larger magnitudes, arrivals frequently were emergent,
further complicating the analysis effort. No distinc-
tion has been made between earthquake types for
hypocenter plotting (figs. 55, 56, 57).

MARCH 20-26

From March 20 to March 26, 74 events were
located. Selection of epicenters plotted in figure 55
was made based on the 3.2 magnitude cutoff and
small location errors. This map shows 49 scattered
epicenters on the north flank of Mount St. Helens.
The scatter is believed to be primarily a result of poor
seismic-station distribution.

MARCH 27-MAY 18

Utilizing identical selection criteria, 436 events
were selected for plotting (from a total of 621 located
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during this later time period). Their epicenters form a
tight 3-km diameter cluster approximately coincident
with what was a region of intense surface deforma-
tion (fig. 56; Christiansen, 1980).

When a revised velocity structure is used for
hypocenter calculations, a significant change is ex-
pected in earthquake focal depths. Because a new
velocity model may well be developed, the cross-
section hypocenter plot presented in figure 57 should
be considered preliminary. In this plot, earthquake
foci extend from less than 1 km to 6 km beneath the
north flank of Mount St. Helens. (A small number of
low-magnitude events that were located at depths ap-
proaching 10 km are not plotted.) Preliminary tests of
a new crustal model based on recent refraction studies
using explosion data, however, suggest that the aver-
age hypocenter depth was less than indicated here
(fig. 57). Rather, it suggests that all were confined to
a small volume at less than 2.5 km depth. Note that in
the cross-section view showing a northwest-southeast
depth profile, the earthquakes lie in an elliptical
region beneath what was a region of intense surface
deformation. These earthquakes probably represent
rock fracturing due to magmatic pressures from
below. As magma moved up into the region below
the volcano, it displaced material above it, both up-
ward and outward. The strong deformation appear-
ing as a surface bulge and the earthquakes below it
were expressions of this movement.

MAGNITUDE-FREQUENCY
DISTRIBUTION

Richter (1958) noted a simple magnitude-frequency
distribution for worldwide earthquakes. This distri-
bution is

logN = A-bM

where N is the number of shocks of magnitude M or
greater. Values of b from 0.6 to 1.5 are commonly
identified with tectonic seismicity and higher values
with that of volcanic regions (Minakami, 1974).

A preliminary magnitude-frequency plot of Mount
St. Helens earthquakes could not be interpreted
because irregularities in the plot precluded estimation
of a b-value. Subsequent and separate plots of
magnitude-frequency distributions for low- and high-
frequency earthquakes produced surprisingly regular
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plots with b-values that could be interpreted (fig. 58).
A b-value of 2.8 for low-frequency earthquakes ap-
pears to be consistent with reported values for vol-
canic earthquakes (Shimozuru, 1971). The 0.6 value
determined for high-frequency events agrees with
values reported for tectonic earthquake sequences
(Utsu, 1971). Mogi's experimental works (Mogi,
1962a, 1962b; 1963) suggest the b-value as an in-
dicator of mechanical structure within the source
region of earthquakes, provided that the earthquakes
are a result of fracture or fracture-like phenomena.
The effect of applied-stress conditions was also
studied by Mogi. Mogi interpreted a high b-value to
be caused by extreme heterogeneity in structure and
high stress concentration. In contrast, low b-values,
such as our 0.6 figure, indicate moderate heterogene-
ity and a uniform stress field.

SUMMARY OF IMPORTANT
SEISMIC EVENTS

The major seismic events at Mount St. Helens
were:

1. A gradual increase in daily earthquake counts
from March 15 to March 20, 1980.

MOUNT ST HELENS

Northwest
0

2. The first magnitude-4.2 earthquake, located at
shallow depth beneath Mount St. Helens, 1547
PST on March 20.

3. An increase in hourly counts primarily of low-
magnitude tectonic-like earthquakes starting

March 21.
4. Numerous earthquakes saturating the SHW

seismograph record at approximately noon on
March 25.

. Earthquake counts peak on March 27, the day of
the first observed eruption activity.

6. Gradual decrease in earthquake counts after
March 27, accompanied by an increasing
number of larger magnitude earthquakes.

7. Swarm following first eruption, dominated by
shallow large-magnitude events with emergent
P-phases and lacking clear S-phases. High-
frequency components of seismic signals consis-
tently attenuated at more distant seismic
stations.

8. Largest magnitude earthquake, 5.1, occurring on
May 18 at 0832 PDT; preliminary location lat
46°12'55” N., long 122°11'72"” W., and hypo-
center depth 1.5 km.

The earthquake parameters presented thus far
represent preliminary results of analysis of a subset of
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Figure 57.—A cross-section view, from the southwest, of earthquake hypocenters. Hypocenters form an ellipsoidal
pattern directly beneath region of major deformation. Tests of crustal model derived from refraction studies indicate
earthquakes were generally restricted to a zone less than 2.5 km deep. Datum is average elevation of the seismic sta-

tions (approximately 3,000 ft).
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Figure 58.—Frequency-magnitude relations for high-
frequency (A) and low-frequency (B) earthquakes. Regres-
sion lines fit to selected portions of the data produce
b-values of 2.77 and 0.6 for low- and high-frequency
events, respectively. The correlation coefficients (r*) are
98.8 for low-frequency earthquakes and 99.8 for high-
frequency earthquakes. Errors in classifying earthquakes
are suggested by scatter on the low-frequency plot at
magnitudes 4.3 and greater.

the Mount St. Helens seismic data. Numerous in-
vestigators, particularly in Japan and Russia, have
documented earthquake swarm activity associated
with volcanism, and similarities in seismic swarms
preceding major eruptions have been noted in
available literature. A detailed comparison between
earthquake swarm characteristics cannot be made,
however, until analysis is completed and data
presented in a form that makes direct comparisons
feasible. We hope that rather than developing only
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simple empirical seismic/volcanism relationships, a
thorough analysis of the Mount St. Helens seismic
data will provide a better understanding of the
physics of volcanic activity and magma transport.
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THE 1980 ERUPTIONS OF MOUNT ST. HELENS, WASHINGTON

POST-MAY 18 SEISMICITY: VOLCANIC AND TECTONIC
IMPLICATIONS

By CRAIG S. WEAVER, WENDY C. GRANT, STEPHEN D. MALONE!, and ELLIOT T. ENDO

ABSTRACT

Seismicity following the May 18, 1980, eruption of Mount St.
Helens has had a markedly different spatial distribution than that
occurring before the eruption. Whereas before the May 18 erup-
tion the earthquakes were clustered in a small volume in the
shallow crust, after the eruption they occurred beneath the
volcano to depths of 20 km, and within 2 weeks earthquakes were
occurring in two distinct zones, one north and one south of the
volcano. The zone north of Mount St. Helens is 35 km long, and
the largest earthquake since the eruption (M} = 4.2) was located
in this zone. Focal mechanisms are right-lateral strike-slip, with
north-south fault planes. The second zone is south-southeast of
the cone and is 20 km long. Focal mechanisms show right-lateral
strike-slip faulting with fault planes striking N. 25° W.

Under Mount St. Helens, seismicity defined a northeast-
striking fault located 1 km northwest of the lava dome that was
emplaced after June 12. Earthquake fault-plane solutions beneath
the mountain showed strike-slip and thrust faulting. Mount St.
Helens is in a horizontal compressional tectonic environment, and
by adopting the model for plate motions suggested by Rogers
(1979), there is good agreement between the compressional axis
predicted by plate tectonics and that determined from the fault-
plane solutions.

INTRODUCTION

Marked changes in the seismicity in the Mount St.
Helens region occurred after the May 18, 1980, erup-
tion. The seismic sequence that started on March 20
(and produced a combined total seismic energy equiv-

!Geophysics Program AK-50, University of Washington, Seattle, WA 98195.

alent to a minimum of a magnitude-6.0 earthquake)
was confined to a small volume in the shallow crust
directly beneath the north side of the volcano (Endo
and others, this volume). In marked contrast, earth-
quakes after the May 18 eruption occurred beneath
the volcano at depths down to 20 km, and within
several weeks following that eruption, earthquakes
were occurring at distances 35 km north and 20 km
south of Mount St. Helens.

The dramatic change in the seismicity following the
May 18 eruption thus forms a natural break point in
any discussion of earthquakes at Mount St. Helens.
An analysis of the seismicity data, with the exception
of the 10 days immediately following the May 18
eruption, is virtually complete through August 31.
Consequently, the post-May 18 data allow a more
detailed discussion of the tectonic and volcanic im-
plications of the seismicity than is appropriate for the
pre-May 18 earthquakes. One important result of the
analysis in this report is to clearly establish that
Mount St. Helens is situated in a zone of horizontal
compressional stress, consistent with existing plate-
tectonic models (Riddihough and Hyndman, 1976;
Riddihough, 1977; Rogers, 1979).

Compressional stress dominates the post-May 18
seismicity with the deeper (>5 km) earthquakes
having thrust and strike-slip focal mechanisms. An
understanding of the regional stresses surrounding the
mountain lays a foundation for the specialized
geological and geophysical studies of the volcano.
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SEISMIC DATA AND ANALYSIS

The seismic network used for the collection of the
data consisted of a mixture of permanent telemetered
stations and some temporary stations. The permanent
network was completed on July 2 and, with the ex-
ception of occasional station failure, has not been
changed since. Six temporary stations were utilized
for varying lengths of time between May 28 and July
10, when all portable stations were removed. At three
sites occupied by portable recorders prior to May 18,
operation resumed when conditions allowed entry to
the area (Stations APE, SFT, and CDF; fig. 59). The
instrument at MUD was buried by a mudflow, but
was retrieved, cleaned, and reinstalled on higher
terrain at MDR, 1.5 km north of the original site. A
station, MIC, was installed above Miners Creek to
improve focal depth resolution for a swarm of earth-
quakes northwest of Spirit Lake, and another station,
SCB, was operated for 8 days on Smith Creek Butte
in an attempt to find an additional permanent station
site east of Mount St. Helens. Stations operating after
May 18 are as follows:

[Present, as of Dec. 31, 1980]

Station Lat N. Long W. Elevation Date
(km) S
Deg Min S Deg Min S On off
JUN 46 08 48 122 09 11 1.05 March 25 - Present
cow 46 29 28 122 00 44 .31 March 27 - Present
MTM 46 01 32 122 12 42 1.12 March 29 - Present
ELK 46 18 20 122 20 27 1.27 May 23 - Present
SBL 46 20 25 122 02 20 1.67 June 20 - Present
CDF 46 06 58 122 02 51 .78 March 30 - May 19
May 28 - Present
APE 46 05 58 122 12 27 .58 March 21 - May 20
May 28 = July 10
Lve 46 04 06 122 24 30 1.17 April 2 - Present
SFT 46 12 42 122 21 23 .78 March 29 - May 19
May 28 - July 10
MIC 46 22 37 122 12 46 .97 May 30 - June 10
MDR 46 12 01 122 03 57 .76 May 29 - June 30
MUD 46 10 36 122 02 27 .49 March 24 - May 18
SCB 46 12 30 122 03 14 1.12 July 2 - July 10
EDM 46 11 50 122 09 00 1.61 June 30 - Present
SHW 46 11 33 122 14 12 1.42 Oct. 25, 1972-Present
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Data from the permanent network stations are
recorded digitally at the University of Washington on
a Digital Equipment Corporation PDP-11/34 (DEC
11/34) computer system. For events in May, selected
seismograms were recorded visibly and P-arrivals
read by hand. Events in June, July, and August were
analyzed from digital data using an interactive pick-
ing and location routine and a graphics display ter-
minal. Coda lengths for small events (magnitudes less
than about 2.0) were measured using the interactive
routine; for larger magnitude events and all May
events, they were measured using Develocorder film
records. Timing of the portable station data was done
by manually reading analog playouts of digitized
events.

The seismic events were located with a modified
version of the computer program HYPO79 (W. H. K.
Lee, unpub. program, 1979) on the University of
Washington’s DEC 11/70 computer system. A lay-
ered crustal model based on preliminary refraction
studies was used in the location program. The seismic
velocities in the upper 8 km of the crust, 4.8, 5.0, 6.0
and 6.4 km/s, were determined using traveltime data
from blasts at a strip mine 80 km northwest of Mount
St. Helens. The velocities of lower crustal layers were
taken from the Puget Sound velocity model deter-
mined by Crosson (1976), which he derived from in-
version studies of western Washington earthquakes.
The velocity model for the upper layers, down to
10 km, is similar to that found in a detailed refraction
experiment in the Mount Hood, Oreg., area (Kohler
and others, 1981).

In all, a total of 558 earthquakes was located in the
Mount St. Helens area in this study. To date, 110
earthquakes have been located that occurred in May
following the eruption, 144 in June, 185 in July, and
119 in August. The results for May reflect a prelimi-
nary analysis of the data and do not include all events
for this period. Most of the larger magnitude earth-
quakes have been located for May, although there
may still be some earthquakes undetected in the
records containing extensive harmonic tremor se-
quences (Malone and others, this volume); these will
be located when the data from more distant stations
are analyzed. Some of the smaller events in May were
chosen to give a representative sample of the earth-
quake swarms that followed the May 18 and May 25
eruptions. The data set for June, July, and August
is complete and only minor modifications are
anticipated.



MAGNITUDES

Magnitudes for the earthquakes after May 18 have
been calculated using the coda-duration-magnitude
scale developed for western Washington (Crosson,
1972). In many cases, the events occurring after May
18 are spatially removed from the cone and are not
volcanic earthquakes. For purposes of consistency,
the same coda-duration-magnitude scale is used in
comparing past and current activity.

The largest earthquake after May 18 was magni-
tude 4.2, and was part of a swarm of earthquakes
north of the volcano. Since June 1, only four earth-
quakes greater than magnitude 3.0 have occurred,
and none was located beneath the volcano. The
distribution of magnitudes is shown in figure 60A: the
discrete and uneven nature of the data for small

magnitudes is a result of not locating all the small
events, and a result of measuring coda durations to
the nearest second.

The slope of the magnitude-frequency plot
(fig. 60B) for the entire data set is 0.67+0.01. A stand-
ard regression analysis was performed on earth-
quakes between magnitudes 1.2 and 3.6. Whereas the
total data set contains earthquakes both from beneath
the volcano and from the surrounding region, the
data were not separated according to location for this
analysis. The larger (M ,4,>3) earthquakes in this
period beneath Mount St. Helens were all below 5
km, at depths comparable to depths of the larger
events for the entire region. Furthermore, the event
waveforms are characteristic of tectonic earthquakes.
Low-frequency volcanic earthquakes that occurred
on July 22 prior to the eruption on that day are all
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Figure 59.—Map showing all seismic stations in the Mount St. Helens network, with
station codes. Triangles, telemetered stations; circles, portable tape-recorder sta-
tions; solid symbols, stations still operating.
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Figure 61.—Composite seismicity pattern from May 18 to
August 31. Triangles, seismic stations. Symbol size in-
dicates magnitude: small symbols, events with magnitudes
less than 2.8; large symbols, events with magnitudes
greater than 2.8. Depth indicated as follows: +, 0-5 km; x,
5-10 km; square, 10-15 km; diamond, greater than 15 km.
Red line, posteruption 1,500-m topographic contour on
the mountain.

In June, seismicity began to define a regional pat-
tern (fig. 62B). North of Mount St. Helens, additional
earthquakes were located on a north-northwest strik-
ing zone. Depths of these earthquakes remained
shallow, above 15 km. The largest magnitude events
in this zone were less than 3.0. Beneath Mount St.
Helens, most of the earthquakes occurred in a swarm
associated with the June 12 eruption. Their magni-
tudes were all less than 2.5, and their depths were
shallower than 15 km, with most clustered between 5
and 8 km. South of Mount St. Helens, scattered
seismicity covered a broad zone approximately 8 km
wide. Focal depths in this zone were less than 20 km,
and magnitudes were all less than 2.0. A fourth zone
of deeper events may exist southwest of the cone.

This zone is nearly coincident with earthquakes
observed during a special study of Mount St. Helens
in 1973 (Weaver and Malone, 1976), although these
earlier events were shallower than 5 km.

Earthquakes at Marble Mountain, south of Mount
St. Helens, and the sequence of events associated with
the July 22 eruption dominated the seismicity in July
(fig. 62C). At Marble Mountain, four earthquakes
had magnitudes greater than 3.0, and earthquake
depths were generally less than 15 km. Along the
northern zone, activity remained shallow and all
magnitudes were less than 3.0.

Small events with magnitudes less than 2.2 charac-
terized the seismicity in August (fig. 62D). Events
were clustered near Marble Mountain to the south
and directly beneath Mount St. Helens. The latter
events were almost exclusively associated with the
eruption on August 7.

SEISMICITY BENEATH THE CRATER

Earthquakes and harmonic tremor have been both
important and fairly reliable predictors of impending
volcanic eruptions at Mount St. Helens since May 18.
For real-time predictions, the most useful seismic data
are event counts, signal character, and preliminary
event locations. These data as they pertain to predict-
ing eruptions are discussed in a companion report
(Malone and others, this volume). In this section, the
locations of the earthquakes during the eruptive se-
quences of May 25, June 12, July 22, and August 7 are
discussed from the perspective of their relation to
the seismicity preceding May 18 and to the location
of the lava dome that appeared following the June 12
eruption.

Seismicity following the May 18 and May 25 erup-
tions remained distributed in the same area as the
pre-May 18 activity. However, the character of the
events, their magnitudes, and their depths were, with
a few exceptions, markedly different than before the
May 18 eruption. After onset of the eruption on May
18 the largest magnitude earthquakes directly beneath
the mountain were a 3.8 event on May 18 at 1852
UTC and a magnitude-3.7 event on May 19 at 0718
UTC (approximately 16 hr after the onset of the erup-
tion). No events with magnitudes greater than 3.0 oc-
curred beneath the cone after May 21. The depths
ranged from about 5 km to 20 km, and the event
waveforms were generally of tectonic type. The
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Figure 60.—Frequency of events versus magnitude plots

for the time interval May 18-August 31. Total number of

events with magnitudes greater than 0.0 is 477. A, number
of events, grouped by 0.2 magnitude units, versus
magnitude. B, log of cumulative number of events versus
magnitude. The slope of the least-squares-fit line gives a
b-value of 0.67 + 0.01.

smaller than magnitude 1.2 and are not included in
the analysis. The value of 0.67 may be compared with
the values of 0.60 and 2.80 determined by Endo and
others (this volume) for the high- and low-frequency
volcanic events prior to May 18. The similarity be-
tween the post-May 18 value, based primarily on
events not from under the cone, and the value based
on high-frequency volcanic events beneath the
volcano that preceded the May 18 eruption may in-
dicate that the high-frequency volcanic earthquakes
should be considered tectonic in nature. The slope of
the cumulative frequency magnitude distribution plot
for the earthquakes around Mount St. Helens is lower
than that calculated for crustal earthquakes in the
Puget Sound region (Crosson, 1972); this may in-
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dicate a regional variation of the b-value in western
Washington, because both studies used the same
coda-duration-magnitude relation. One possibility is
that the stress drops of tectonic earthquakes in the
Mount St. Helens area are higher than for earth-
quakes of the same magnitude in Puget Sound.

EARTHQUAKE LOCATIONS

The composite seismicity pattern for the post-May
18 period is strikingly different from that seen during
the 2-mo period preceding the May 18 eruption.
While earthquakes were concentrated in a small
shallow crustal volume before May 18, earthquakes
after May 18 are much more widely distributed
(fig. 61). In addition to earthquakes directly beneath
the mountain, two distinct zones of seismicity, one
north and one south of the mountain, are evident
(fig. 61). The north zone extends from the vicinity of
Spirit Lake to Riffe Lake in the Cowlitz valley, a
distance of 35 km. South of Mount St. Helens, the ac-
tive zone strikes southeast 20 km, with a major cluster
of events near Marble Mountain, immediately north
of Swift Reservoir (fig. 61).

Changes in the seismicity became apparent on May
18, approximately 10 hr after the onset of the erup-
tion. Earthquakes as deep as 20 km (fig. 62A) were
located beneath the tight cluster of pre-May 18 earth-
quakes. The waveforms of these deep events resem-
bled tectonic, rather than volcanic, earthquakes.

Throughout the remainder of May, earthquake ac-
tivity continued beneath the new crater on Mount St.
Helens. Included in this activity was an earthquake
swarm that followed the May 25 eruption. The largest
event in this swarm was of magnitude 2.3, and all
events were less than 15 km in depth. A
magnitude-2.8 earthquake on May 21 was the first
earthquake noticed north of Mount St. Helens, but
events may have been missed on May 18 during the
periods of intense harmonic tremor. Several other
events in the magnitude range 1.5-2.5 occurred dur-
ing the 3 days after May 21 before a magnitude 3.8
event on May 24 (fig. 62A). This earthquake was
followed on May 28 by a magnitude 4.2 in the same
zone, the largest posteruption earthquake to date.
The May activity north of Mount St. Helens was con-
sidered to be an earthquake swarm, because the
magnitude difference between the two largest events
was only 0.3. Earthquakes in this northern zone were
shallow (< 15 km).



distribution of the deep earthquakes suggests that
they may lie on a common structure lying to the
northwest, beneath the west side of the crater (fig.
63A). A few low-frequency volcanic earthquakes
with magnitudes less than 2.0 and depths less than 5
km were located between May 19 and May 25.

Following the June 12 eruption, a lava dome
emerged within the crater. The deep earthquakes that
accompanied this eruption were located northwest of
the dome, in an area on the edge of the concentrated
pre-May 18 activity. The locations were characteris-
tic of an earthquake swarm, clustered in a tight
volume about 1 km in radius and 3 km in vertical ex-
tent centered near a depth of 7 km. These events, all
with magnitudes less than 2.8, were shallower than
the deep zone suggested in figure 63A. Only scattered
seismicity was evident beneath the east side of the
crater, and shallow events in the upper 5 km of the
crust were almost totally absent (fig. 63B).

The July eruption was preceded by a sequence of
shallow, low-frequency volcanic earthquakes
(Malone and others, this volume). These events again
occurred northwest of the dome at depths less than
3 km. These events were above the deep events re-
corded on May 18 and 19 and also directly above the
swarm of June 12 (compare figs. 63A, B, C). The
magnitudes for these shallow events were less than
2.4. While activity in July was generally concentrated
northwest of the dome, a few more events were lo-
cated beneath the east side of the crater in July than in
June.

Few earthquakes followed the August 7 eruption,
and with only three exceptions, all events beneath the
cone were deeper than 5 km. While few in number,
the earthquakes in August defined two northeast-
striking linear zones. The zone northwest of the
dome had been apparent earlier, but the zone south-
east of the dome had not been defined by the earlier
seismicity .

Figure 62.—Cumulative seismicity patterns, by month, for
the Mount St. Helens area. Triangles, seismic stations. Sym-
bol size indicates magnitude: small symbols, events with
magnitudes less than 2.8; large symbols, events with
magnitudes greater than 2.8. Depth indicated as follows:
+, 0-5 km; x, 5-10 km; square, 10-15 km; diamond,
greater than 15 km. Red line, posteruption 1,500-m topo-
graphic contour on the mountain. A, May 19 to 31; B, June
1t030; C, July 1to 31; D, August 1 to 31.

FOCAL MECHANISMS

Earthquake focal mechanisms have been calculated
for all earthquakes located after June 1 with mag-
nitudes greater than 2.4. In addition, 10 single-event
mechanisms have been calculated for the June 12
posteruption swarm. Further, selected events in May
have been studied, including the larger events north
of Mount St. Helens (figs. 61, 62A) and some of the
deep earthquakes beneath the cone that followed the
two May eruptions. Data for earthquakes beneath
Mount St. Helens are more complete for the June 12
eruptions because several stations that failed during
the May 18 eruption, and which had not been re-
started by May 25, were operating by June 12.
Because uncertainties in earth structure lead to uncer-
tainties in the takeoff angles for seismic waves leaving
the earthquake focus, earthquakes along both the
north and south zones were analyzed with both a
linear velocity model using the computer program
LOQUAKE (R. S. Crosson, unpub. program, 1980)
and the layered model using the computer program
HYPO79. All takeoff angles calculated using a linear
velocity model are continuous functions of epicentral
distance, while for a layered model, the calculated
angles are discontinuous step functions for refracted
arrivals. In the case of pure strike-slip faulting, either
model yields the same theoretical solution.

Fault-plane solutions for the north and south zones
are shown schematically in figure 64, and for the area
around the crater in figure 63. Representative detailed
mechanisms and first motion observations are given
in figure 65. Nearly pure strike-slip faulting dom-
inates all mechanisms away from the cone of Mount
St. Helens. In the north zone, the mechanism for the
May 28 magnitude-4.2 event is purely strike slip with
nearly north-south and east-west fault planes
(fig. 65G). With the good azimuthal distribution of
observations (fig. 65) giving well-constrained fault-
plane directions and the general north-south aline-
ment of epicenters (figs. 61, 62), the preferred fault
plane for these events strikes north-south, and the
motion is right lateral, strike slip.

South of Mount St. Helens, near Marble Moun-
tain, the larger events all have nearly pure strike-slip
faulting (fig. 65], K). The preferred fault plane strikes
N. 25° W. with the general strike of the epicenters
again justifying this selection. As with the events to
the north, azimuthal control is excellent, and allows
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the mechanism for the larger magnitude events to be
constrained to +5 degrees. Furthermore, for these
mechanisms the high angles of incidence result in
well-determined dips of the fault planes. There is little
room for alternate mechanisms.

Directly beneath Mount St. Helens, the fault-plane
solutions show components of both strike-slip and
thrust faulting. Following the May 18 eruption, earth-
quakes occurred at depths down to 20 km. These
deep events were divided into three groups: depths
less than 10 km, 10-14 km, and greater than 14 km.
To date, focal mechanisms have been obtained only
for events in the middle category. One single-event
solution and a composite focal mechanism using four
events show significant thrusting along northeast- or
northwest-striking fault planes (figs. 63, 65A, B).
Fault planes for the composite mechanism (fig. 65B)
were drawn on the basis of the polarity reversals at
stations ELK and LVP. For this group of four events,
both dilatations and compressions were recorded at
these two stations, while all other stations used in the
mechanism recorded the same polarity for all events.
All of these mechanisms suffer from not having
usable data from stations SHW and, often, JUN
located on the cone. When the final processing is
done for May, the addition of readings for more dis-
tant stations in eastern Washington will probably
help improve these solutions.

As noted above, earthquakes immediately follow-
ing the June 12 eruption are outside of the epicentral
area of the pre-May 18 seismicity. The fault-plane
solutions for these events show a mixture of strike-
slip and thrust faulting (figs. 64, 65C, D, E). The fault
planes strike generally northwest or northeast. The

Figure 63.—Cumulative seismicity patterns under Mount
St. Helens. Triangles, seismic stations. Symbol size indicates
magnitude: small symbols, events with magnitudes less than
2.8; large symbols, events with magnitudes greater than 2.8.
Depth indicated as follows: +, 0-5 km; x, 5-10 km; square,
10-15 km; diamond, greater than 15 km. Red line,
posteruption 1,500-m topographic contour on the moun-
tain. The location of the lava dome is shown as a red cir-
cle. Enlargements of focal-mechanism diagrams, keyed by
letter, seen in A and B are shown on figure 65. A, May 18 to
May 31; B, June 1 to June 30; C, July 1 to July 31; D, August
1 to August 31. Focal mechanisms are upper hemisphere
plots, with darkened quadrants indicating dilatations.
Mechanisms are keyed by letter to detailed mechanisms
plotted in figure 65.

ones striking northeast nearly concur with the
northeast-striking seismic zone outlined earlier (fig.
63B, C, D). No mechanisms have yet been calculated
for the events under the southeast side of the cone.
Generally, because of the steep angles of departure,
the June 12-13 mechanisms are well constrained.

Focal mechanisms A-D in figure 65 all have steeply
dipping fault planes that strike northeast. The strike
of the inferred fault planes nearly matches the strike
of the deep seismicity in May (depths to 20 km), and
the earthquakes between 5 and 10 km following the
May 25, June 12, July 22, and August 7 eruptions
(fig. 63). It is reasonable to postulate that these hypo-
centers define a nearly vertical fault. The relations
between this proposed fault, the eruptive processes,
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Figure 64.—Cumulative seismicity and focal-mechanism
diagrams for some of the events between May 18 and
August 31. Focal mechanisms are upper hemisphere plots,
with darkened quadrants indicating compression, white
quadrants indicating dilatations. Mechanisms are keyed,
by letter, to detailed mechanisms plotted in figure 65. Red
line, posteruption, 1,500-m topographic contour on the
mountain.
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Figure 65.—Focal mechanism diagrams and first-motion data. Locations of focal mechanisms are shown in figures
63 and 64. The diagrams are upper hemisphere plots; solid circles, compressions; open circles, dilatations.
Mechanism B is a composite solution discussed in text, all other solutions are single-event solutions.

the lava dome, and the preeruption seismicity will re-
quire a detailed examination, which is outside the
scope of this report.

A second observation regarding the seismicity
beneath the crater concerns the second zone of earth-
quakes defined by the August activity (fig. 63D). If
the earthquakes in this zone lie on a single fault, then
it appears that the pre-May 18 seismicity may well
have been a fault-bounded process. The majority of
earthquakes before May 18 had hypocenters immedi-
ately northwest of this alinement of earthquakes
(compare fig. 55 with fig. 63D). This hypothesis will
be tested when final processing is completed on the
pre-May 18 data.

Compression (P) and tension (T) axes that were
calculated for each focal mechanism are plotted in
figure 66. Axes for events directly beneath the moun-

118

tain are distinguished from the regional events
because the magnitudes of earthquakes beneath the
crater used in this study were much smaller; this dif-
ference in magnitude, in fact, might help identify any
consistent difference between the two classes of
events. In addition to the axes from the events plotted
in figure 65, P- and T-axes were added from another
12 mechanisms of earthquakes under the cone. The
results (fig. 66) show that the T-axes, with the excep-
tion of three events, cluster tightly in azimuth be-
tween N. 45° W. and N. 90° W. The P-axes show
more variation in azimuth, but are generally alined to
the northeast. While some of the swarm events
beneath the mountain have nearly vertical T-axes, the
P-axes for these events fall in the same azimuthal
range as those for earthquakes both north and south
of the mountain.



DISCUSSION

The two zones of earthquakes defined north and
south of the mountain represent a crustal response to
the release of seismic energy at Mount St. Helens.
Comparing the historically located events in these
two zones (fig. 52) with those located since May 18
reveals a dramatic increase in seismicity. While the
magnitude threshold for detection has been lowered
by the increased number of seismic stations, the se-
quence of magnitude-3 and greater events in both
zones is unprecedented when compared with instru-
mentally located earthquakes prior to March 1980. It
seems unlikely that this increase in activity would
have taken place without the eruption of Mount St.
Helens.

The fault-plane solutions (figs. 63, 64) show that
the Mount St. Helens region is dominated by horizon-
tal compressional stress. The directions of the P-axes
vary from north-south to N. 65° E.; the average
azimuth is about N. 30° E. This range of P-axes is con-
sistent with those from larger magnitude earthquakes
in western Washington (Crosson and Frank, 1975;
Crosson and Lin, 1975; Yelin and Crosson, 1979), at
Mount Hood (Weaver and others, 1981), and in east-
ern Washington (Malone and others, 1975). Com-
pression is expected in this region, as the Pacific
Northwest is in a zone of convergence between the
Juan de Fuca and the North American plates (Riddi-
hough and Hyndman, 1976; Riddihough, 1977). From
a study of relative plate motions, Riddihough (1977)
has determined an angle of convergence between the
two plates of N. 50° E. In a recent re-survey of a
geodimeter network in the Puget Sound Basin,
Savage and others (1981) found that the axis of
greatest contraction was oriented N. 71° E. + 6°. These
authors interpreted this direction as in fair agreement
with Riddihough'’s findings.

Nevertheless, earthquake focal mechanisms in the
Northwest give compression axes oriented more
north-south than those predicted by Riddihough or
measured in the deformation network. Savage and
others (1981) gave a lucid discussion of a model pro-
posed by Rogers (1979) that seeks to explain the more
north-south orientation of the compression axes
determined from fault-plane solutions. Rogers (1979)
has modified a model of the subduction process pro-
posed by Fitch (1972) in which oblique subduction is
decomposed into a thrust component on the subduc-
tion boundary and a nearly vertical strike-slip com-

Figure 66.—Compression (P) and tension (T) axes inferred
from all focal mechanisms. Solid symbols, P-axes; open
symbols, T-axes; squares, axes determined for events
beneath the volcano; circles, events both north and south
of Mount St. Helens.

ponent near the volcanic arc. Noting the lack of
thrust events at the subduction zone, he proposed
that the thrust component of subduction is accom-
modated aseismically, leaving only the strike-slip
shear component. In the Vancouver Island area
where Rogers was attempting to explain the north-
south orientation of the compression axis for the 1946
magnitude-7.1 earthquake, the plate boundary strikes
approximately N. 45° W. Resolving the plate shear
into principal components gives a north-south com-
pression and an east-west extension.

The plate boundary offshore of the Mount St.
Helens area (fig. 67) is oriented about N. 15° W.
Following Rogers’ (1979) subduction component as-
sumption, resolving the plate shear into components
gives an approximate compressional direction of N.
30° W., or good agreement with the P-axis direction
determined from the focal mechanisms at Mount St.
Helens. The nearly vertical nature of the fault planes
(figs. 63, 64) is also consistent with Rogers’ model.

The consistency of the P-axes at Mount St. Helens
contrasts with data from Lassen Peak, where the
T-axes are alined with the regional east-west exten-
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sion (Klein, 1979). The difference in the behavior of
the stresses at these two volcanoes reflects the
changes from a compressional environment in the
northern Cascade Range to an extensional environ-
ment in the southern Cascade Range.

It is worth speculating on the transition between
these two regimes. Nakamura (1977) has classified
volcanic belts based on whether compression or ex-
tension is the dominant horizontal stress acting. The
Cascades north of Mount St. Helens fit Nakamura's
compressional category. The Oregon Cascades, with
chains of cinder cones alined north-south and major
mapped normal faults (McBirney, 1978; Lawrence,
1976) fit Nakamura's extensional class with the ten-
sion axis east-west (similar to Lassen Peak). East-
southeast of Mount St. Helens, the Indian Heaven
basalt field and the extensive basalts near Mount
Adams (fig. 67) are features expected in extensional
environments. Mount St. Helens may, then, lie near
an important transition in the Cascade Range, where
the stress regime changes from compression to
extension.
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DEFORMATION STUDIES

Previous studies of deformation accompanying
volcanic activity have yielded significant results
mainly at basaltic volcanoes such as Kilauea in
Hawaii, where eruptions have occurred frequently.
There, slow inflation or swelling of the volcanic
edifice has preceded activity as magma rises and ac-
cumulates within a reservoir a few kilometers beneath
the summit, and more abrupt deflation commonly ac-
companies eruption of lava. Few deformation studies
have previously been made on composite stratovol-
canoes, both because relatively infrequent eruptions
at any volcano have impeded collection of represent-
ative data, and because their explosive nature ham-
pers measurements during activity. Accordingly,
Mount St. Helens in 1980 has presented an excep-
tional opportunity to obtain deformation data of
types rarely attempted previously. A few baseline dis-
tance measurements had been made by D. A. Swan-
son in 1972 at Mount St. Helens, but these had not
been repeated before the beginning of the 1980 activ-
ity. Changes on the cone were monitored in 1980 by
electronic-distance and theodolite-angle measure-
ments, photogrammetry and topographic mapping,
microgravity measurements, and by continuously
recording electronic tiltmeters and magnetometers.

Deformation measurements were begun in early
April, in an attempt to determine the significance of
the fracturing and bulging visible at the summit and
upper north slope of the volcano, but poor weather
and frequent steam explosions limited these efforts to
microgravity readings and several types of tilt
measurements on the lower slopes; these showed
relatively small, inconclusive, and partly inconsistent
changes (Dvorak and others; Jachens and others).

In mid-April, analysis of the first posteruption ver-
tical aerial phototographs documented startlingly
large deformation of the bulge area (Moore and
Albee; Jordan and Kieffer). About the same time,
geodetic measurements to newly established targets
high on the north flank showed that deformation was

continuing at high rates (Lipman, Moore, and
others). The photogrammetric results demonstrated
that the upper north slope had moved outward more
than 100 m and upward slightly, and the geodetic
measurements documented continued lateral
displacements of as much as 2.5 m/day. Despite this
extraordinary local deformation, no significant
changes were measured on the east, south, or west
slopes. These deformation measurements, along with
continued high levels of seismic energy release, pro-
vided compelling evidence in April and early May
that the volcano could be nearing a major event,
despite the seemingly mild nature of the intermittent
phreatic activity. Concern focused on the probability
of landsliding of the north flank, and attempts were
made to design a monitoring procedure to obtain ad-
vance warning. Even in hindsight, however, no
changes in deformation rates preceding the failure on
May 18 have been identified. Probably the north
slope was not at that time sufficiently destabilized to
fail gravitationally without a trigger, which finally
was provided on May 18 by the large earthquake at
0832 PDT.

A notably different style of deformation has
characterized Mount St. Helens since the catastrophic
May 18 eruption: the entire cone has shown only
small changes that are radially oriented with respect
to the crater area (Swanson and others). The rates of
geodetic change seemingly slowed during the year,
and little analytically significant change was observed
on the main cone during the last few months of 1980.
Geodetic and electronic-tilt data have shown a
general pattern of slow deflation, interrupted by brief
small inflationary episodes preceding and accompa-
nying the major pyroclastic eruptions on June 12, July
22, and August 7. Within the crater, larger and more
complex deformation was seemingly related to dome
growth: the north side of the inner crater (the ram-
part) moved northward at rates of as much as several
centimeters per day. Transient magnetic anomalies,
recorded during the May 18, May 25, and June 12
eruptions, are thought to reflect elastic strain release
related to the eruptions (Johnston and others).



THE 1980 ERUPTIONS OF MOUNT ST. HELENS, WASHINGTON

TOPOGRAPHIC AND STRUCTURAL CHANGES, MARCH-JULY
1980—PHOTOGRAMMETRIC DATA

By JAMES G. MOORE and WILLIAM C. ALBEE

ABSTRACT

Six new topographic maps (1:24,000, 80-ft contour interval)
were made by photogrammetric methods from aerial photo-
graphs taken before and during the 1980 volcanic activity at
Mount St. Helens. They show the early development of the sum-
mit explosion crater (March 27, 1980) centered within a subsiding
and northward-expanding graben initially about 1.5 km long
(east-west) and 0.4 km wide. North of the graben, a bulge about
1.8 km in diameter formed and its surface began migrating north
at 1.5-2 m/day. By May 12, the high point of the bulge was 150 m
above preexisting topography. This apparent uplift resulted both
from horizontal movement on the 30° north slope of the moun-
tain and from an absolute uplift of the south- central part of the
bulge. By May 18 the net volume increase of the mountain pro-
duced by the graben-bulge system was 0.11 km?, which was pre-
sumably the volume of a shallow-level dacite cryptodome
intruded beneath the north side of the 16th-17th century summit
dome.

On May 18 a giant landslide and explosions removed 2.7 km?
from the mountain. Chance photographs of landslide failure and
resulting explosions could be compared to the topographic maps
by use of computer-generated models of the maps as they would
appear from the camera station. This method permitted estimation
of the topography of the upper landslide surface, and conse-
quently of the shape of the first two slide blocks. The northern
block, which moved first, coincided with the area of the bulge
and included the 19th century Goat Rocks dome. This block
dropped down and moved north, producing a steep headwall
scarp 700 m high inclined north about 65°-70°. The chief source of
the most massive explosions that fed the pyroclastic surge was
from this scarp, which apparently intersected, exposed, and
depressurized the cryptodome and its associated hydrothermal
system in the second block. This second block contained the
graben and included most of the cryptodome and the summit

dome. Continued landsliding and explosions destroyed the
second block and migrated south 800 m to the south edge of the
new amphitheater crater, exposing the main volcanic conduit
1 km deeper than before landsliding.
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INTRODUCTION

Aerial photographs taken April 12, 1980, and
delivered a few days later were first compared with
the published 1958 contour sheet (based on 1952
photographs) and important topographic differences
were noted. To eliminate the possibility that glacial
changes had modified the surface during the interven-
ing 28 yr, a new topographic map was hastily pre-
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Figure 68.—Topographic map of Mount St. Helens from aerial photography of April 12, 1980. Ice fields
and glaciers (blue); dashed lines indicate limits of dacitic domes modified from C. A. Hopson (written
commun., 1980). Outline of inset maps (figs. 70 and 72) is shown; section line refers to figs. 73 and 76.
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Figure 69.—Map of April 12, 1980, showing elevation changes (red), in feet, between August 15, 1979,
and May 12, 1980. Bold dashed line, May 18 crater rim
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pared from photography of the previous summer
(August 15, 1979). This preeruption map was then
compared with a map based on the April 12 photo-
graphy which clearly outlined the growth of a summit
graben and bulge on the north side of the volcano
(tigs. 68, 69, 70). The photogrammetric data described
here, in conjunction with ground geodetic
measurements (Lipman, Moore, and Swanson, this
volume), were of prime importance in understanding
the processes acting within the volcano and in assess-
ing the hazard due to oversteepening of the north
slope. In retrospect, the photogrammetric data set
was acquired at low risk, and consequently should be
an important element in monitoring future activity of
potentially explosive volcanoes of similar type.

A total of six contour maps (scale 1:24,000, con-
tour interval, 80 ft) were prepared from aerial
photographs (August 1979, and April 7, April 12,
May 1, May 12, and July 1, 1980) as they became
available to the USGS. These maps utilized English
units to facilitate rapid comparison with existing
maps as well as with measurements made in the field
and from aircraft. Most of the maps include the
volcanic cone above the 4,400-ft contour, but incom-
plete photographic coverage, varied camera systems
and elevations, and presence of volcanic fume and at-
mospheric clouds affected map quality. The maps are
controlled by a geodetic net averaged from ground
control established in 1952, the same as used for the
published Mount St. Helens, 1958, 15-min quad-
rangle map. Although absolute elevation errors as
large as 20 ft may be present, the relative errors be-
tween maps of the series are believed to be less than
5 ft.

ACTIVITY PRIOR TO MAY 18

A swarm of relatively shallow earthquakes began
March 20, 1980, beneath the north flank of the moun-
tain, 1-2 km north of the summit. The first in a series
of phreatic eruptions began in the early afternoon of
March 27 and excavated a small summit crater in the
center of a new 1.5-km-long graben alined east-west

Figure 70.—Elevation change, in feet, between consecutive
topographic maps; see figure 68 for location. A, Aug-
ust 15, 1979 to April 7, 1980. B, April 7 to April 12. C,
April 12 to May 1. D, May 1 to May 12. Dashed line, edge
of May 18 crater.

(Williams, 1980, p. 72). A second crater formed to the
west by March 29, and by April 7 the two craters had
merged to produce an elongate crater. After April 7,
the volume of the crater increased slowly to a maxi-
mum of about 9x10®* m® by May 12 (fig. 71). The
phreatic explosions that began on March 27 were
probably initiated by pressure release due to thinning
and fracturing of cover rocks and ice within the
graben.

Small lakes and ponds were in the phreatic crater
prior to May 18 and are visible in all of the aerial
photographs of mapping quality. Commonly the
lakes were frozen and contained floating blocks of ice
but were recognizable by their horizontal surfaces.
These lakes were fed by melt-water streams flowing
down the crater walls from the base of melting
glaciers, as well as from ice talus melted by steam
vents on the crater floor. Lake water was blown out
during phreatic explosions but quickly accumulated
again between eruptions.

The map of April 7, when compared with that of
August 1979, showed that dramatic changes had oc-
curred (fig. 70A). A prominent bulge about 1.8 km
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Figure 71.—Volume changes of Mount St. Helens, March
20 to May 18, 1980. Dashed lines are estimates (where
features are not discernible on photos due to cloud cover).
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Figure 72. —Faults and fractures on north flank of Mount St. Helens; see figure 68 for location. Bar
and ball on downthrown side of fault. A, April 7; B, April 12; C, May 1; and D, May 12, 1980.
Dotted area is avalanche of May 12, 1980; black dots in crater are small lakes.



in diameter had developed immediately north of the
graben. The long axis of the bulge crest was oriented
northeast-southwest, oblique to that of the elongate
crater and the graben. The apparent vertical displace-
ment of both graben downward and bulge upward
grew until the climactic eruption of May 18. The
volume increase of the graben was about one-quarter
that of the bulge (fig. 71) so that the net volume of
the volcano increased. By April 7 the net increase in
volume relative to August 1979 was 52 X 10° m?, and
by May 18, an estimated 114 X 10° m?; the average rate
of volume increase from April 12 to May 12 was
1.3x10° m3/day. Contours of apparent elevation
changes between maps (fig. 70) indicate that the
north-south width of the graben grew from 360 m
(from August 1979-April 7, 1980) to 600 m (May
1-12, 1980). The zero contour (boundary between
downdrop of graben and uplift of bulge) migrated
north at an average rate during this period of
8.6 m/day.

The initial area of greatest uplift of the bulge oc-
curred in the south-central part adjacent to the north-
ern boundary of the graben (figs. 70A and B).
Projection of growth-rate curves backward in time
suggests that the bulge may have begun growing no
earlier than the beginning of seismic activity on March
20 (fig. 71); however, its early growth may have been
more rapid than measured later, and it may have
begun slightly before March 27, 1980, when growth
was first apparent. The region of greatest uplift en-
larged as the bulge developed, and the primary uplift
moved north in concert with the expanding graben. In
addition, a secondary mound developed 1 km to the
northeast in the upper part of the combined Forsyth
and Leschi Glaciers (figs. 70B-D). This secondary
mound is believed to have been caused by very
accelerated movement of ice due to oversteepening of
the mountain, because on May 12 the lower part of it
failed, producing the largest pre-May 18 avalanche,
composed largely of ice (fig. 72D), and on May 18
large ice avalanches came from this region (figs. 74B
and 75B). Further evidence that the northeastern
mound was only surficial and not caused by a localized
intrusion is the fact that it overlapped and lay partly
northeast of the rim of the amphitheater produced by
the landslide and explosions of May 18 (fig. 69).

The evolving pattern of faults and fractures was
well established by April 7 (fig. 72A), with the
largest fault marking the south side of the graben.
This fault retained its position though other nearly

parallel faults, also downthrown on the north, devel-
oped south of it (fig. 72B). However, north of the
explosion crater, east-west fractures formed a widen-
ing band as the boundary of the graben migrated
northward (fig. 72C and D). Also a zone of faults
and fractures in ice and snow enlarged to the north-
east as the combined Leschi and Forsyth Glaciers re-
sponded to bulge oversteepening before avalanching
on May 12 (fig. 72D).

The increase in elevation of points within the bulge
above the preexisting surface is the net effect of both
absolute uplift and northerly horizontal movement.
The rate of horizontal motion within the bulge was
rather constant at 1.5-2.0 m/day as determined by
geodetic measurements (Lipman, Moore, and Swan-
son, this volume). This rate is verified by the mapped
displacement of Goat Rocks (the only readily recog-
nizable mapped point), which moved 64 m in a
N. 32° W. direction from April 7 to May 12, a rate of
1.8 m/day. Assuming a horizontal rate of 2 m/day
and a slope of 30°, the amount of apparent vertical
uplift should average about 2 tan 30°=1.2 m/day.
Assuming uplift began March 20, 1980, the rate of
apparent vertical uplift of the bulge at the point of
greatest displacement at successive intervals was
5.6 m/day (fig. 70A), 4.3 m/day (fig. 70B), 2.6 m/day
(fig. 70C), and 2.7 m/day (fig. 70D). Hence the high
point of the bulge was generally rising above the
mountain slope more than twice as fast as would have
been expected from strictly horizontal motion.
Roughly the upper half of the bulge was that part
which underwent some absolute vertical uplift. No
geodetic targets could be maintained in this part of
the bulge because of its unstable character.

The behavior of the bulge and graben suggests that
uplift of the south edge of the bulge resulted from
growth and expansion of a shallow intrusion of
magma (cryptodome) beneath the summit and north
flank. The volume of the cryptodome attained
0.11 km® by May 18, equivalent to a sphere with a
diameter of about 600 m. The top of the cryptodome
apparently migrated north as it reached higher levels
causing early uplift of a peak north of the graben.
This area later subsided as a second peak further
north became elevated (fig. 73). As the dome rose, it
stretched and shouldered aside the area north of the
summit, producing the graben, and it oversteepened
the north flank, causing it to move north under the
influence of gravity at a rate of 1.5-2 m/day (Lipman,
Moore, and Swanson, this volume). The inferred
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Figure 73. —South-north profiles of Mount St. Helens, August 1979 to July 1980. Scale slightly reduced from figure 68.

presence of a shallow dacitic cryptodome was later
supported by the fact that fragments of fresh, origin-
ally hot dacite derived from it comprise a large pro-
portion of the directed-blast deposits (Hoblitt and
others; Moore and Sisson; Waitt, this volume). The
cryptodome was apparently intruded beneath the
large (1.2 km diameter), 16th-17th century dacite
summit dome (fig. 68), which was funnel shaped and
probably filled an earlier summit crater (C. A. Hop-
son, written commun., 1980). After stretching and
splitting the summit dome, producing the graben, the
cryptodome expanded northward beneath the sum-
mit dome, uplifting its north edge and producing the

bulge.

EVENTS OF MAY 18

A significant photographic record was obtained by
several observers from the ground and from the air
during the early failure of the landslide. The
photographs taken by Keith and Dorothy Stoffel
from the air (Williams, 1980), by Gary Rosenquist
from near Bear Meadow, 17 km northeast of the sum-
mit (Williams, 1980), and by Paul and Carol Hickson
(written commun., 1980) from 15 km east of the sum-
mit are outstanding.

An analysis of the Rosenquist and Hickson
photographs is aided by comparison with computer-
generated perspective models (Dynamic Graphics,
Inc., 1978) of preeruption and posteruption digitized
maps as viewed from the camera stations (figs. 74A
and C and 75A and C). This new technique permits
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Figure 74.—Perspective views on various dates of Mount
St. Helens from Bear Meadow, 17 km to the northeast. A,
Computer-generated model showing topography, August
15, 1979. Contours in meters. B, Sketch from photograph
by Gary Rosenquist at about 0832:35, May 18, 1980. Ice
and snow avalanches shown by light-dotted pattern. C,
Computer-generated model showing topography, July 1,
1980. Preeruption profile shown by dotted line.
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Figure 75.—Perspective views of Mount St. Helens from
15 km to the east. A, computer-generated model showing
topography, August 15, 1979. Contours in meters. B,
Sketch from photograph by Paul and Carol Hickson at
about 0832:39, May 18, 1980. Dashed line, profile of land-
slide block in photograph 4 s later. Ice and snow ava-
lanches shown by light-dotted pattern. C, Computer-
generated model showing topography, July 1, 1980. Pre-
eruption profile shown by dotted line. Scale is
approximate.

reliable estimation of the elevation and position of
features visible in the photographs.

The Stoffels, flying over the crater area in a light
plane, witnessed several small ice-falls within the
crater apparently triggered by the magnitude —5+
earthquake at 0832:11 PDT. About 15 s later they ob-
served the north side of the summit crater begin mov-
ing north as a massive landslide. This landslide devel-
oped as two giant blocks (fig. 76; and Voight, this
volume), here referred to as the bulge block (north-
ern) and the graben block (southern), because they
correspond to the regions of uplift and downdrop as
defined in figure 70D. The headwall scarp of the
bulge block developed slightly north of the north
peak, and that of the graben block was about coinci-

dent with the main fault south of the crater (fig. 76).

The bulge block began dropping 8-10 s before the
graben block, so that by the time the first Rosenquist
photograph was taken 15-20 s after landsliding began
(fig. 11-9B), the graben block had descended about
200 m and the bulge block, 650 m. (This timing of the
Rosenquist photographs, slightly different from that
of Voight (this volume), is based on an analysis by
S. D. Malone, written commun., 1980.) At this time
the headwall scarp between the blocks was 600 m
high inclined 65°-70° to the north. The initial explo-
sions began at this time near the base of the high
headwall scarp of the bulge block at an elevation of
about 2,200 m. By about 0832:43 PDT (fig. 76C) the
graben block had descended a total of about 550 m,
and the bulge block, 1,100 m, so that the headwall
scarp between them was about 700 m high and its
base was at an elevation of about 1,750 m. During
this time vertical explosions began ripping out of the
area of the old phreatic crater in the center of the
graben block while those from the high headwall be-
tween the blocks intensified, involving the entire
scarp. Subsequently these two explosion loci at the
top and exposed north side of the graben block
merged into a gigantic explosion buttressed on the
south (fig. 76C). This eruption fed the north-directed
blast that devastated the area to the north and
deposited about 0.19 km® of ash and blocks, about
half of which was hot, relatively dense dacite ap-
parently derived from the cryptodome (Moore and
Sisson, this volume).

Comparison of the pattern of surface deformation
(figs. 70, 73) and the location of the 700-m-high land-
slide scarp between the graben block and the bulge
block suggests that this scarp followed closely the
north side of the cryptodome and possibly intersected
a part of it (fig. 76). Removal of the bulge block by
landsliding effectively exposed and depressurized the
cryptodome and its surrounding hydrothermal
system of superheated water. The water flashed to
steam, and the dacite exsolved magmatic gases, pro-
ducing the giant explosion.

The sequence of events that followed the down-
ward movement of the graben block was obscured by
eruption clouds that enveloped the mountain. Even-
tually, more of the central part of the mountain south
of the graben block failed along successively more
southern faults (or by piecemeal crumbling), and the
fragments joined the landslide until much of the
amphitheater crater was formed, and the main
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Figure 76.—Changes in profile of Mount St. Helens during moming of May 18,
1980, along line A-A’ (see fig. 68). A, Before eruption, showing intrusion of cryp-
todome (heavy dotted pattern) beneath 16th-17th century summit dome (light-
dotted pattern at summit). B, About 20 s after landsliding began showing develop-
ment of bulge and graben landslide blocks; explosions have begun on headwall of
bulge block where cryptodome is exposed in graben block. C, About 30 s after land-
sliding began, showing massive explosions f%m side and top of fractured graben
block. D, After landsliding has exposed the main volcanic conduit from which a ver-
tical eruption column rises to more than 20 km.
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volcanic conduit was exposed more than 1 km deeper
than prior to landsliding. The 25-km-high vertical
eruption column which then developed was produced
by magmatic explosions generated by reduction of
confining pressure on the volcanic conduit as a result
of the removal of this extraordinary amount of cover
rock (fig. 76D).

AFTERMAY 18

The map generated from July 1 aerial photography
(fig. 77) indicates that, with the new amphitheater-
shaped crater, the height of the mountain was re-
duced from 2,950 m (9,677 ft) to 2,549 m (8,364 ft).
Comparison of contours between the maps of Au-
gust 15, 1979, and July 1, 1980, indicates that the
volume of rock and ice of the volcano above the
4,800-ft contour was 2.62 km?® less than in 1979.
However, because the mountain had increased in vol-
ume 0.11 km?® from 1979 to May 18, 1980, a total of
2.73 km?® was removed on May 18, most of which was
deposited in the landslide-debris avalanche.

The new amphitheater-shaped crater is nearly pre-
cisely the width of the mapped bulge but extends
0.5 km north of the previous northern bulge limit.
The crater is 2 km wide and 3.9 km long and extends
in a northerly direction. The northern limit of the
crater is well defined, because the 4,400- and 4,800-ft
contours are virtually unmodified (figs. 68 and 77).
Despite the fact that about 2.5 km? of landslide rubble
passed over this region, little erosion or deposition
took place. This fact places a northern limit on the
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slip surface bounding the base of the landslide mass.
The position of the base of the slip surface (fig. 76)
can be estimated from its northern extent, from the
height and angle of the headwall scarps as determined
from the Rosenquist photographs (fig. 74B), and from
the nature of movement of the graben block as seen in
the Hicksons' photographs (fig. 75B). (Compare figs.
6 and 9.) The loft imparted on the landslide mass as it
left the amphitheater may have been what prevented
significant erosion or deposition until deposition
began 2 km to the north.

Subsequent to May 18, moderate explosive erup-
tions and small ash flows occurred on May 25,
June 12, July 22, August 7, and October 16-18. The
June, August, and October events produced small
dacitic domes all with volumes of less than a few
million cubic meters (Moore and others, this volume).
The location of the primary vent as defined by the
location of the post-May 18 domes (figs. 73 and 77)
lies directly below the center of the pre-May 18
phreatic crater.
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THE 1980 ERUPTIONS OF MOUNT ST. HELENS, WASHINGTON

TOPOGRAPHIC CHANGES AT MOUNT ST. HELENS:
LARGE-SCALE PHOTOGRAMMETRY AND DIGITAL
TERRAIN MODELS

By RAYMOND JORDAN and HUGH H. KIEFFER

ABSTRACT

A topographic map of Mount St. Helens was made from aerial
photographs of August 5, 1972; scale is 1:10,000, contour interval
10 m. Additional contours on the same map show topographic
changes as of four dates in April and May 1980, before the major
eruption of May 18. Corresponding digital terrain models have
also been prepared; these have been used to quantitatively deter-
mine topographic changes and to create terrain-difference models
for the time from March to mid-May. The increase in net volume
of the mountain in the spring of 1980 prior to May 18, because of
changes of the bulge and graben areas, is estimated as 0.116 km?®.
Digital terrain models were processed to produce shaded-relief
images of the topography of the summit and north flank of the
volcano. By subtracting a digital terrain model of one date from
that of another date, terrain-difference models were obtained and
were used to calculate volume change. The entire map, too large
to be included here, is available as a separate publication (Jordan
and Kieffer, 1981).
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DISCUSSION

After the initial 1980 eruption and apparent
topographic changes of Mount St. Helens, detailed
topographic mapping was needed to determine where
changes had occurred, and the rate and magnitude of
those changes. For mapping of the preeruption
volcano, we used U.S. Forest Service photography at
a scale of 1:60,000 obtained on August 5, 1972 (F70
53059 172, frames 45 and 46). Because no surveyed
control points on the ground were available at the
time of map compilation, we used photogrammetri-
cally derived control for establishing a stereomodel
of frames 45 and 46. The absolute accuracy of the
mapping was therefore less than desirable, but accu-
racy was adequate because we were looking for rela-
tive changes.

We then established a stereomodel from frames 45
and 46, using our computer-operated AP/C analyt-
ical stereoplotter and six photogrammetrically de-
rived initial control points. The residual error of the
adjustment (about 1 m) was well within our require-
ments. The stereoplotter was then used to derive a
much higher density of secondary control points.
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These points were used later for control and orienta-
tion of photographs at a scale of 1:40,000, taken on
several occasions between the initial eruption and
May 18.

Many problems were encountered in the selection of
the initial control points. No good “hard” features on
the ground, such as road intersections, occur in the
area mapped. Also, since the 1972 photography, some
obvious changes on the mountain flanks had occurred,
such as extensive clear-cutting of trees. Where pos-
sible, control points on bedrock were chosen, but
because many more points were needed, we chose
others at the most distinctive contacts visible between
snow and rock. This latter procedure yielded uncertain
results because of both the variable positions of the
margins of the snowfields over almost 8 yr and the
rapid melting of the snow in some areas during the
eruptive phase. Another unusual problem was caused
by fallen ash after an eruption. Locally, the ash made
snow-covered areas darker than exposed rock—actu-
ally creating a complete tone reversal from other
photographs. Moreover, in some of the pictures,
clouds, ash plumes, and haze partly or totally
obscured ground features. With these problems in
mind, we used the largest possible number of control
points in establishing the post-March 27 stereomodels.
The computer adjustment and residual errors indicated
points with serious problems, and these points were
excluded from the final adjustments.

Because digital output was desired, another
stereomodel was established on our AS11-AM
analytical stereoplotter from 1972 frames 45 and 46.

Figure 78.—Summit and north flank of Mount St. Helens
showing changes in topography between April 11 and
May 16, 1980; contours for April 11 shown in blue;
May 1, light blue; May 12, light red; May 16, red. Con-
tour interval 50 m, locally supplemented by 10-m con-
tours. Scale 1:10,000 (approximately 6 in. to the mile).
Topography shown in gray compiled from photography of
August 5, 1972; contour interval 10 m. Local high and low
points are shown by small colored crosses; colored crosses
with tails show direction and amount of horizontal
displacement of identifiable ground features from their
original positions. Colored vectors indicate direction and
amount of horizontal displacement of specific points on
contour lines (dashed where only connecting two contours
of the same value). That part of summit area obscured by
plume on May 12 photographs (dashed light-red line) was
mapped using May 16 photographs. Cross section A-A’
shown in figure 82.

From this model, we compiled a preeruption map at a
scale of 1:10,000 with a contour interval of 10 m. This
plotting system automatically digitized the contours
during compilation at a collection interval of 200 um
(micrometers) at the scale of the photographs.
Because we considered the extent of bare rock at the
time the photographs were taken critical for our pur-
poses, our map shows more extensive snowfields than
the 1958 15-minute Mount St. Helens topographic
quadrangle map. We also digitized the location of
snow-covered areas so that we could assign different
weight to the digital data for rock and snow areas.

The next step was to determine the areas that had
changed topographically between 1972 and the major
blast on May 18. On the latest available photography
at an appropriate scale before May 18, taken at
1100 PDT on May 16 (EG & G roll 3214, frames 49
and 50), the lower part of the volcano was obscured
by cloud cover. Photographs on May 12 showed all
of the volcano except for a small part of the summit
area obscured by a plume. Using both sets of photo-
graphs, we compiled topographic data at 1:10,000
scale with a contour interval of 50 m. This mapping
was compared to the preeruption map derived from
the stereomodel and, within the limits of measure-
ment accuracy and repeatability, the areas of change
were delineated, and the topography in these areas
was contoured at 10-m intervals. Mappable changes
had occurred only at the summit and on a bulge on
the north flank; the greatest displacement in the bulge
by May 16 was approximately 80 m laterally.

Next, we determined incremental changes between
March and mid-May. The State of Washington
Department of Transportation had obtained aerial
photographs over the mountain every 3 days,
weather permitting, beginning in early April 1980.
The following photographs were used to produce new
contour lines that show the incremental changes in
the topography:

Days since

Photography Date previous flight
Flight 4,

photographs 22 and 23  April 11 --
Flight 11,

photographs 53 and 54 May 1 19
Flight 13,

photographs 62 and 63 May 12 11
EG&G 3214,

photographs 49 and 50 May 16 4
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This new contouring was then composited with the
preeruption map, showing the changes and rates of
change (fig. 78). Approximate vectors were drawn on
the map connecting identifiable points on the pre-
eruption contour lines with corresponding points on
the new contours. To minimize clutter, only a few of

12214’

0 1
L 1

the 10-m contour lines are shown on the composite
map, although all the contour lines were useful to
help determine changes.

During map compilation, several features on the
volcano were noted that might warrant further analy-
sis with a stereoplotter; these included fractures, ice
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Figure 79.—Computer-generated shaded-relief images of filtered digital terrain models of volcano. Data were filtered by
averaging pixel values over 3X 3 areas. Increased uncertainty of contour location within snowfields appears as terraces (in
southeast) and crevasses (in northwest). A, model from photographs of August 5, 1972; B, model from photographs of
May 12 and 16, 1980. Small discontinuity just south of Dogs Head is an artifact of the join between May 12 and May 16
digital terrain models,
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and snow thicknesses where cracks in the glaciers
reveal bedrock below, changes in texture of rock and
ice on the bulge, and differences in snow condition
and runoff.

In order to produce a digital terrain model, the
three-dimensional coordinates digitized during map
compilation were transferred by magnetic tape to the
U.S. Geological Survey Flagstaff Image Processing
Facility. Raster images of the contour lines were made
with a resolution of 5 m per pixel (picture element).
The resulting raster image of contour lines, approx-
imately 2,000 pixels square, was filled in by broad-

ening individual contour lines until they met, and
generating an intermediate contour level at their in-
tersection. This process was repeated until no picture
elements were unassigned, thus generating a full
elevation array on the digital terrain model.

This procedure differs from conventional topo-
graphic mapping in that no hand-editing of any kind
is done to the position of the contour lines. In areas
where the positional uncertainty exceeds the contour
interval, contour lines may actually cross. This prob-
lem is particularly noticeable within large snowfields
that have no identifiable surface features. The digital
terrain model can be cosmetically improved by use of
a 3x 3 pixel (15 m square) low-pass filter that replaces
each pixel with the average of nine pixels in the
original array. This process has no effect in areas of
uniform slope; it tends to subdue the topography
slightly in areas of rapid slope changes, and it is par-
ticularly effective in removing the slope reversals due

to erroneous contour crossing. The preeruption
digital terrain model, filtered in this manner, was
processed to produced a shaded-relief image of the
topography (fig. 79).

As mentioned previously, during the last few days
before May 18, suitable photography could rarely be
obtained without the presence of some atmospheric
obscuration. In order to construct as complete a
digital model as possible for a late date prior to May
18, the digital terrain data for May 16 were used to fill
in the region obscured on May 12; the resulting com-
posite is called the May 12/16 model.

The changes in elevation and thus changes in
volume could be automatically determined by simply
subtracting the digital terrain model for one date from
that of another. From these terrain-difference models,
a map was produced to show the changes from
pre-1980 to May 12/16 (fig. 80). The total volume
change can be computed directly by summing over all
the elements of the elevation-difference array. This
automatic processing of elevation data renders ob-
vious the major topographic variations: the large ap-
parent upward motion of the surface of the upper
Forsyth Glacier, subsidence of the large graben across
the summit area of the mountain, and the northwest
displacement and small vertical change in the Goat
Rocks area. Topographic change between pre-1980
and April 11 and from April 11 to May 12/16 are
shown in figures 81A and B, respectively. The bulging
of the north side of the mountain and the graben for-
mation at the summit can be seen in both images.
Over the second period, the response of the Forsyth
Glacier to initial oversteepening can be seen as a
relative increase in elevation (actually, largely lateral
motion of a sloping surface) of the lower part of the
glacier.

The general unreliability of control points on the
upper parts of Mount St. Helens resulted in apparent
elevation changes of several meters in areas that
surveying indicated to be stable in April and May
(Lipman, Moore, and Swanson, this volume). In
order to correct for these errors in the photogram-
metric models, the apparent elevation changes were
determined along a line surrounding the area of
definite topographic change (fig. 80). The mean and
standard deviation of the differences between digital
terrain models for this line of about 1,500 points are:

1972 to April 11, 1980: +1.2+11.2 m,
1972 to May 12/16: +1.3+7.9 m.
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Figure 80.—Computer-generated
elevation-difference image showing
total elevation changes, in meters,
from 1972 to May 12/16, 1980. Eleva-
tion change along outer line was
assumed to be negligible for purposes
of computing volumes from digital
terrain models. Inner line indicates
approximate boundary of summit
crater.
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Figure 81.—Computer-generated elevation-difference images produced by sub-
traction of digital terrain models. A, April 11, 1980, minus August 5, 1972.
Shows development of north peak 1. B, May 12/16 minus April 11, 1980.
Development of north peak 2 during this period is shown as a second area of
elevation increase north of the graben.
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Figure 82.—Cross section A-A' showing change in topography from 1972 to May 12/16, 1980. Line section shown in
figure 78. Topography was produced from digital terrain models. Profiles are to scale.
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For volume calculations these mean values were sub-
tracted from the terrain-difference models. The total
change in volume of Mount St. Helens from before
the eruption to May 12/16, 1980, is estimated as
0.116 km?; this includes the change in volume of
snow and ice (if no correction were made correspond-
ing to the apparent elevation change for the line
around the bulge, the computed volume change is
0.124 km?). From 1972 to April 11, 1980, net volume
of the volcano increased by 0.055 km?, with areas of
elevation increase accounting for 0.092 km? and areas
of subsidence and crater formation accounting for
0.037 km?® (of which, the volume decrease within the
crater area as outlined in fig. 80 was 0.017 km?). From
April 11 to May 12/16, 1980, the corresponding
change was a net increase of 0.061 km*® (upward
+0.077 km?®, downward -0.015 km?, of which the
crater was -0.006 km?). A refined measure of changes
in bedrock volume relative to 1972 is possible by
determination of elevation changes of rock areas
only, with interpolation across the snowfields.

Profiles along a north-south line through the center
of the area of change (fig. 82) show the progressive
enlargement of the crater, the development of north
peaks 1 and 2, and the essentially horizontal displace-
ment of Goat Rocks.

One shortcoming of both a topographic map and a
digital terrain model in quantifying the changes at
Mount St. Helens is their inability to distinguish be-
tween lateral and vertical motion in areas of uniform
slope. To determine unambiguously the actual sur-
face displacement, the three-dimensional positions of
individual features were determined during compila-
tion of each of the maps. These positions can then be
subtracted, yielding a three-dimensional displacement
vector over the time between successive aerial photo-

graphs. Extreme changes in surface contrast due to
the eruptions, ash fall, snowfall, and sublimation
seriously limited the number of points for which
reliable three-dimensional positions could be deter-
mined on the different photographs. Three recog-
nizable points in the Goat Rocks area (see table 7)
were displaced 52.8, 60.0, and 61.0 m toward
N. 20° W. at an average, nearly steady rate of
1.87 m/day (April 11 to May 12). The average eleva-
tion change of these points was subsidence of 3.1 m
during this same period.

Table 7.—Displacement (in meters) of iden-
tifiable points in the Goat Rocks area relative to
their positions on April 11, 1980

[Points A, B, and C are shown on fig. 78]

Displacement
Point East North Vertical Net
May 1, 1980
A -9.5 3.0 -3.1 9.9
B -13.9 24.8 -0.6 28.4
-16.7 34.0 -3.3 37.9
May 16, 1980
A -20.6 48.7 -4.3 52.8
-15.1 59.1 -0.8 61.0
-19.9 56.6 -4.3 60.0

Jordan, Raymond, and Kieffer, H. H., 1982, Topographic map of
Mount St. Helens, Washington, showing changes between
April 11 and May 16, 1980: U.S. Geological Survey
Miscellaneous Investigations Series I-1411, scale 1:10,000.
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BULGING OF THE NORTH FLANK BEFORE THE
MAY 18 ERUPTION—GEODETIC DATA

By PETER W. LIPMAN, JAMES G. MOORE,
and DONALD A. SWANSON

ABSTRACT

Geodetic measurements of ground deformation on the rela-
tively inaccessible upper slopes of Mount St. Helens were begun
in mid-April 1980 to evaluate deformation of bedrock after in-
creased crevassing of glaciers had become visually obvious. Every
1-3 days, weather permitting, horizontal and vertical angles were
measured by theodolite to as many as 19 unmanned, fixed targets;
slope distances were measured by electronic laser instruments.
The combined readings permitted calculation of displacement
vectors for each target. Results from April 23 through May 18 in-
dicated startlingly rapid movement of the north flank at
remarkably constant rates. Targets within an elliptical bulge, ap-
proximately 1.5 by 2.0 km in area, showed subhorizontal north-
erly movements of 1.5-2.5 m/day. The last measurements were
made by David Johnston only 90 min before the May 18 eruption.
Boundaries of the bulge were relatively abrupt, as indicated by
decreases in displacement rates by two orders of magnitude
within distances of 0.5 km away from the bulge, and coincided
closely with northern margins of the crater resulting from the
May 18 explosion. Nearly continuous movement within the bulge
was documented by measurements at 15-min intervals over one
8-hr period, without clear correlation with major earthquakes.
The subhorizontal nature of displacements, despite slopes averag-
ing 25°-35° within the area of the bulge, was interpreted early as
indicating intrusion of magma. The resultant oversteepening of
slopes within the area of the bulge was recognized as posing a
major hazard to the north flank from gravitational failure and
landsliding. These results contributed to assessments by USGS
personnel in late April and early May that Mount St. Helens re-
mained highly dangerous despite the seemingly mild small-scale
phreatic eruptions that were then the most conspicuous activity.

INTRODUCTION

Topographic and structural changes were evident
at the summit of Mount St. Helens as early as March
27, when phreatic eruptive activity began. In addition
to development of a new crater, the summit area was
bisected by an east-trending fracture system, 2 km
long, that defined an irregular graben. The area north
of the graben appeared to be bulging outward and
possibly upward. At first, the obscuring effects of
heavy and continuing snow cover, interlayered with
ash deposits from the phreatic eruptions, made it
uncertain whether the graben and associated fractures
involved the bedrock edifice or mainly reflected
melting and increased movement on the summit ice
cap. Frequent eruptions and poor weather also
precluded direct ground examination of these features
in early April, and initial attempts to obtain quan-
titative data on deformation related to the volcanic
activity were accordingly confined to tilt measure-
ments on the lower flanks and beyond the base of the
volcano.

By mid-April, the bulge had become ominous, and
there was increasing concern for stability of the north
flank of the volcano. Aided by the temporary cessa-
tion of eruptive activity and with arrival of the
required equipment, we then established a network
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for ground deformation measurements on the cone
(fig. 83). Within a few days, these measurements
yielded clear evidence of large-scale northwesterly
movements of the bulge area, at rates of as much as
2.5 m/day. Concurrently, the first detailed photo-
grammetric measurements revealed that the bulge had
moved upward and outward as much as 100 m be-
tween August 1979 (the last preeruption vertical
photography) and April 12, 1980 (Moore and Albee,
this volume). The geodetic data, which provide
details of deformation rates, and the photogram-
metric results, which better define the overall
geometry of the deformation, are complementary.
The growth of the bulge was inferred to record
emplacement of magma into the volcanic edifice, and
emplacement of a lava dome was anticipated because
several other domes had been emplaced asymmetri-
cally on the north half of the volcano in the last few

thousand years (Mullineaux and Crandell, this
volume). In late April and early May, results from the
geodetic and photogrammetric studies confirmed that
gravitational failure and landsliding of the bulge area
were likely, and we hoped that changes in deforma-
tion rates could be observed as indications of immi-
nent failure. Unfortunately, no such changes took
place. Nevertheless, these studies helped convince
State and Federal officials to maintain closure of the
north side of the volcano to public access (Miller and
others, this volume).
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Figure 83.—Theodolite station at Timberline Viewpoint, at 1700 PDT, May 1, 1980. The afternoon low sun angle
enhances visibility of the bulge on the upper Forsyth Glacier area. Named features, indicated by X, are sites of geodetic
reflector targets. Dashed line indicates approximate limits of deformed area and of rock subsequently removed during
the May 18 debris avalanche and lateral volcanic blast.
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the data. Helicopter pilot Lon Stickney (Aerocopters,
Inc.) provided skillful service and accurate observa-
tions of activity. John Estrem and Dave Reneau, of
the National Center for Earthquake Research, in-
stalled the dry-tilt stations, made many of the tilt
measurements, and helped arrange loan of other
surveying equipment. Dan Johnston and John
Faustini, students at the University of Puget Sound,
helped find the benchmark at Smith Creek Butte
beneath 2 m of snow—the proverbial needle in a
haystack. Al Eggers (University of Puget Sound)
directed installation of initial spirit-level tilt stations,
freely shared information, and was a cheerful
companion during the March and April foul weather.
The last measurements prior to the May 18 eruption
were made by David Johnston, our close friend and a
superb scientist.

INITIAL TILT OBSERVATIONS

In late March and early April, when we were
prevented from doing geodetic work on the upper
cone, several types of measurements were undertaken
to measure tilt on the lower flanks and around the
base of the volcano. In addition to deployment of
three continuously recording platform tiltmeters
(Dvorak and others, this volume), the ice-covered
surface of Spirit Lake was utilized as a large liquid
tiltmeter, and two spirit-level triangles were
established on the north slope of the volcano at the
parking lots for the Timberline and Spirit Lake camp-
grounds. The changes observed by these methods
were mostly small, however, and partly inconsistent.

The tilt measurements on Spirit Lake were useful,
because they permitted early evaluation of the size of
the magmatic system developing within Mount St.
Helens and because they could be made during poor
weather. The observational procedure was simple.
Cheap wooden yardsticks were nailed to stable ob-
jects (such as tree stumps or dock piers) around the
lake shore at six sites where open water was present.
Water levels at these sites were read in rapid succes-
sion, typically within about 20 min, and differences
calculated. The ice cover over most of the lake
damped wave oscillations, and values could typically
be read to 1/16 of an inch (about 2 mm). Because the
east and west arms of Spirit Lake are nearly radial to
the volcano and as much as 3 km long, changes could
be observed to within about 1 part in 500,000, equiv-

alent to a tilt of within 2 urad (microradians). No
significant tilts were observed, however, indicating
that no deformation related to the Mount St. Helens
activity extended out this far; accordingly, by com-
parison with deformation geometry observed at other
volcanoes (Kinoshita and others, 1974), the source of
deformation at Mount St. Helens was either small or
shallow. After mid-April, the observations were com-
plicated by melting of the ice cover on the lake, and
could only be made infrequently when the air was
calm.

Two spirit-level tilt stations (Kinoshita and others,
1974) were also established on the northeast flank of
the mountain in late March and early April, with the
assistance of John Estrem and Dave Reneau, at sites
of earlier temporary stations installed by Al Eggers
(University of Puget Sound). A Zeiss Ni-1 level and
Kern rods and stayers were used for the measure-
ments. One station, in the parking lot of the Spirit
Lake campground, was occupied only once and was
to be reoccupied if the lake surface or the other spirit-
level station showed a large cumulative tilt. The
second station, in the parking lot of the Timberline
campground, was occupied seven times between
March 30 and April 30, and showed a generally con-
sistent tilt of about 2 urad/day, down to the north-
east away from the volcano. Early in April, the
significance of the spirit-level tilt results at Timberline
was obscured by discrepancies with an adjacent plat-
form tiltmeter (which turned out to have electronic
problems); interpretations were further confused by
large, short-term changes in tilt. By the end of the
month the significance of this tilt was clear and was
believed to reflect marginal deformation related to
growth of the bulge.

The short-term changes in tilt were initially
manifested in poor instrument closures during early
attempts to measure the spirit-level tilt station at
Timberline. Such poor closures were at first feared
related to bad reading conditions (cold temperatures,
high winds, snow, and sleet), unstable setups, or in-
strumental problems; but rapidly repeated observa-
tions and reversed directions of sighting convinced us
of real deformation. We then began to monitor a
40-m line every minute or less for several hours at a
time; significant changes were noted within periods of
a few minutes. A triangle with short (14 m) legs was
then established to minimize reading errors, and tilts
in both inflationary and deflationary senses of as
much as 50 prad/hr were measured. Tilt vectors
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consistently pointed either from or toward the Goat
Rocks area, not the summit crater. On April 10, the
bulls-eye bubble, used for crude leveling of the instru-
ment, even moved off center as we watched it, and
during the following 3.75 hr, two periods of inflation
and one of deflation were recorded (fig. 84).

Most felt earthquakes had no obvious effect on the
tilt pattern, but one earthquake on April 10 cor-
related with a change from inflation to deflation.
During some of the monitoring experiments, inflation
occurred before phreatic eruptions, and deflation
during them, but this was not a consistent pattern.

West and others (1981) observed similar periods of
large, rapid, complex tilts during the phreatic erup-
tive activity of La Soufriere on Guadaloupe in 1976.
These workers ascribed the tilts to rapid pressuriza-
tion by “phreatic fluids” transported by hydraulic
fracturing and to flow through porous media. Such

may have been the case at Mount St. Helens, too,
although the consistent orientation of short-term tilt
vectors toward or away from the center of the grow-
ing bulge suggests that the tilts could have been re-
cording episodic movement of the intruding magma
beneath the bulge.

GEODIMETER AND THEODOLITE
MEASUREMENTS

By mid-April, the various types of tilt measure-
ments taken low on the volcanic edifice seemed to be
indicating only small and rather inconsistent long-
term patterns of deformation. Yet the bulge high on
the north slope was appearing increasingly visually
ominous (fig. 83), adding to concerns about the gravi-
tational instability of this area. Accordingly, a logis-
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tically more difficult effort was begun on April 20 to
measure ground deformation by geodetic methods at
points higher on the cone, within the areas of visible
glacier crevassing and probable ground cracking.

METHOD OF GEODETIC MEASUREMENT

Our techniques in measuring ground deformation
were based largely on experience at the Hawaiian
Volcano Observatory with Kilauea and Mauna Loa
Volcanoes. There, horizontal distances are measured
by sighting to manned reflector targets with electronic

distance-measuring equipment (AGA Geodimeter
Model 8), and vertical changes are monitored by
spirit leveling (Kinoshita and others, 1974). Modifica-
tion of the Hawaiian approach was required at
Mount St. Helens, because most of the desirable
survey points were accessible only by helicopter,
were frequently obscured by adverse weather, and
were exposed to hazards from volcanic eruptions and
from snow and rock avalanches triggered by the con-
tinuing seismic activity. In addition, the steep slopes
of Mount St. Helens and the extensive snow cover
prevented, without major effort and danger, estab-
lishing vertical control by leveling.
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stations low on the flanks to targets higher on the volcano.
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Accordingly, we began a program of measurements
by theodolite (Wild T-2, old style) and Geodimeter,
using unmanned permanently installed targets high
on the volcano and three instrument stations at
relatively low and stable locations (fig. 85). One in-
strument station, Timberline, was accessible by road
and thus could be occupied without helicopter sup-
port whenever weather conditions permitted observa-
tions. The horizontal and vertical angles from
theodolite observations, combined with a slope-
distance measurement by Geodimeter, yielded the
unique location in space of the target relative to a
single base station; repeated measurements permitted
determination of 3-dimensional displacements. At the
distances involved, about 2-4 km, the slope distances
obtained are believed accurate to within + 10 mm; the

uncertainties in the theodolite measurements, +5-10s
of arc, are about an order of magnitude greater.

The unmanned targets consisted of steel sign posts,
on which were bolted wooden cross boards (the the-
odolite target) to which were attached inexpensive
plastic highway reflectors 8 cm in diameter (target
for the Geodimeter laser). These unmanned targets
(fig. 86) had several advantages: (1) Because they
were inexpensive and constructed from readily avail-
able materials, they could be established in large
numbers, and loss due to eruptive activity or ava-
lanches was tolerable. (2) They could be measured
any time a brief break in the weather permitted visi-
bility. (3) Exposure of personnel to hazards on steep
slopes of the volcanic cone was limited to relatively
brief periods during installation and maintenance.

Figure 86.—Establishing an unmanned target (Sugar Bowl East; fig. 85) on April 23. The steel post was driven into ash
(or wedged in rock) and guyed for stability. The wooden crossboard was painted fluorescent orange to enhance visibility
as a theodolite target, and the attached cluster of plastic highw.ay reflectors served as the Geodimeter target. This target

was destroyed by a rock and ice avalanche on May 12.
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In addition, our borrowed Geodimeter equipment
simply did not come with enough conventional
corner-cube prisms to establish more than a few
standard reflector stations at a time. The major disad-
vantages of the unmanned Geodimeter targets were:
(1) The maximum range for distance measurements
utilizing the plastic reflectors was 3.5-4.0 km under
good weather conditions, somewhat less during times
of windy conditions or partial obscuration by fume,
ash, or humidity. (2) Errors owing to poorly known
atmospheric density were somewhat greater, because
temperature and pressure were measured at only one
end of the shot line. For the relatively short distances
involved and the large changes commonly observed,
however, this turned out to be a relatively minor
problem.

The geometry of the geodetic ‘net (fig. 85) was
based on an attempt, within the 3-4 km constraints
on distance for the plastic reflectors and the fall-off in
precision of the theodolite measurements with in-
creasing distance, to provide widespread general
coverage of the volcano and also to make maximum
use of the one instrument station at Timberline ac-
cessible by road. Also, the obvious deformation of
the volcano was on its north side. As the nature of
motions within the bulge became evident, more
targets were added to document rates of movement
there. The interpretation of displacements of targets
on the volcano was based on an assumption that the
instrument stations remained effectively stable.
Stability was evaluated for each instrument station by
Geodimeter shots to targets off the volcano or low on
its flanks (Windy Pass, Castle, and Base 7; fig. 85); at
no time were any significant changes in distance ob-
served. For that matter, no target on the west, south,
or east side of the volcano (West Ridge, South Ridge,
East Dome, and Dogs Head), away from the area of
the bulge, showed analytically significant changes.
Some instability, however, was indicated for
Timberline by the dry-tilt measurements in the near-
by parking lot during April, but these were apparent-
ly small compared to displacements of the bulge.

Additional targets were established at three sites
(Goat Rocks, Sugar Bowl, and Dogs Head), both to
evaluate the reliability of the previously untested
target design, especially their stability in high wind
conditions, and to provide some redundancy in case
of damage by avalanches or rock falls. Bedrock loca-
tions were limited or unsatisfactory at several sites

because of heavy snowpack, and two of the supple-
mental targets were anchored in snowbanks (Dogs
Head and Goat Rocks). At Goat Rocks, where the
bedrock site (Goat Rock) was in an area of abundant
ground cracking and was very exposed to rockfall,
the supplemental target (Goat Snow) yielded consist-
ent angles and distances (figs. 87, 88) throughout the
observation period. If anything, Goat Snow showed
smaller fluctuations—especially in slope distance—
than the bedrock target. The supplemental snowbank
station at Dogs Head was removed after about 10
days, both because of a lack of detectable movement
at either Dogs Head target and because results from
the Goat Rocks targets indicated no stability prob-
lems with the target installations. The paired targets
at Sugar Bowl, although indicating only small
changes in slope distances (fig. 87), tracked together
until Sugar East was destroyed by a rock and ice slide
on May 12. The dual targets at Goat Rocks were im-
portant in confirming, on the first remeasurement
only 3 days after installation, the significance of the
large observed changes in deformation. Almost cer-
tainly, such changes would have initially been attri-
buted to reading errors, had it not been possible to
duplicate the results on separate targets.

GEOMETRY OF DEFORMATION

The general pattern of ground deformation was
relatively simple: within the elliptical area of the
bulge, about 1.5 by 2 km, that subsequently was
removed by landslides and explosions on May 18, all
stations indicated large subhorizontal displacements,
as much as 2.5 m/day in northerly directions. Rates
based on measurement intervals of a few days were
remarkably uniform, although fragmentary data in-
dicate sizeable variations in rates over periods of a
day or less, as do tilt data (fig. 84). QOutside the area
of the bulge, little or no significant ground deforma-
tion was detected.

The most precise measurements are for changes in
slope distance, determined by Geodimeter (fig. 87).
Although the rates of change are variable among tar-
gets, both as a function of position relative to the
bulge and of the component of the total displacement,
the rate of change for each target was nearly constant
during the period of observations. In early May the
Goat Rock target showed slight deviations from the
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Figure 87.—Changes in slope distances, measured by
Geodimeter from Timberline and Toutle instrument sta-
tions. Goat West target was measured from Toutle; all
others were measured from Timberline.

trend defined by the adjacent Goat Snow target, ap-
parently reflecting minor differential movement
because of intense ground cracking observed between
these two nearby targets. Only the North Point target
showed marked nonlinear behavior: while the aver-
age rate of contraction of the North Point-Timberline
line in early May was 1.4-1.5 m/day, it contracted at
a rate of 2.6 m/day for the interval May 11-14. This
interval encompasses the time of a magnitude-5 earth-
quake on May 12 that triggered a major ice and rock
slide on the north slope, and both the Geodimeter
data for North Point and theodolite data for several
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other north slope targets (fig. 88) show discontinuities
in rates of motion for the time interval encompassing
this event. Other than during this time interval, the
trends defined by the horizontal angle measurements
(fig. 88) are even more linear than the slope-distance
data.

By combining distance changes determined by
Geodimeter and changes in horizontal angles deter-
mined by theodolite, horizontal displacement vectors
could be constructed graphically (fig. 89). Rarely
could all targets be measured on a single day because
of limitations of weather and helicopter support, but
because of the relatively constant rates of deforma-
tion shown by each target, the rates of change vary
only slightly. Accordingly, the displacement vectors
plotted for early May on figure 89 would not be sig-
nificantly different if plotted for other dates. The
largest displacements, about 2 m/day, were high on
the bulge (North Point and Boot) and along its center
(Loowit). Lower on the bulge, the vectors show a
broad fan pattern radiating outward toward margins
of the deforming area. The amount of deformation
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Figure 88.—Changes in horizontal angles, measured by
theodolite from Timberline and Toutle instrument sta-
tions. Goat West and Bulge targets were measured from
Toutle; all others were measured from Timberline.
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Figure 89.—Map showing typical daily displacement vec-
tors in the area of the bulge on the north flank of Mount
St. Helens before May 18. Target stations without vector
arrows showed no displacement or had values too small to
plot.

decreases relatively abruptly at margins of the bulge,
from meters per day at Loowit and Boot, to a few
millimeters per day within about 500 m laterally
toward Sugar Bowl on the east and Northwest Dome
on the west.

Vertical displacements were extremely small for all
targets compared to horizontal changes; only at Goat
Rock and North Point were changes in vertical angles
consistently greater than measuring uncertainty. The
vertical angles were measured by theodolite and re-
corded as zenith angles, a standard surveying practice
in which (neglecting any change in slope distance) an
increased angle reflects downward displacement of
the target. For Goat Rock, where the line of measure-
ment is almost perpendicular to the displacement vec-
tor (fig. 89) and the change in slope distance is accord-
ingly small, a plot of the horizontal and vertical
angular relations approximates the true displacement
vector in vertical section (fig. 90A). The net displace-
ment is northward at a low inclination of about 3°.
The rate of downward movement may have been
slightly greater after May 11 than before. In 20 days,
the target moved subhorizontally northward about
28 m and downward only about 1.5 m. Because the

topographic slope in the Goat Rocks area is about
30°, the net effect of such displacements was to fur-
ther steepen the already steep terrain.

In contrast, at the North Point target the zenith
angle decreased regularly, but the effects of large
changes in the slope distance (28 m in 18 days) must
be considered. A plot of these displacements in the
plane of the shot line (fig. 90B) shows that the
changes in vertical angle at the North Point target
were largely related to changes in slope distance.
When these effects are removed, the average displace-
ment vector plunges gently northwards, as at Goat
Rock. During the first days of observations, from
April 20 through May 7, the North Point target in-
creased slightly in elevation; then from May 7
through May 17 it subsided. In their photogram-
metric analysis of areas of uplift and subsidence on
the north side of Mount St. Helens, Moore and Albee
(this volume) noted that the boundary between sub-
sidence associated with the summit graben and uplift
associated with the bulge swept gradually northward
in April and May. The change in polarity of vertical
changes at North Point on about May 7 appears to
record passage of this boundary.

Outside the area of the bulge, movements were
mostly too small to measure. At Sugar Bowl, just
beyond the photogrammetrically measured margin of
the bulge and on the rim of the May 18 crater, slope
distances shortened regularly by about 15 mm/day
(fig. 87), but any angular changes were entirely
within measuring uncertainties. The Northwest
Dome target, on the opposite side of the bulge,
moved outward at an even smaller rate—about
3 mm/day. No other targets beyond the area of the
bulge, including Dogs Head, East Dome, South
Ridge, and West Ridge, showed detectable motion.
Especially notable are results for a 7.6-km
Geodimeter line from Smith Creek Butte to East
Dome (fig. 85), established by D. A. Swanson in
1972. When first reoccupied on April 10, 1980, the
net change in 8 yr was a contraction of only 16 mm
(with atmospheric corrections made at both end-
points), well within the measuring uncertainty for a
line of this length. Further reoccupation on April 25
also showed no significant change (+15 mm), and
even when reoccupied after the May 18 event, the ob-
served change was only —18 mm. Clearly, except for
the bulge, Mount St. Helens was geodetically stable
during this period.
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We also attempted to determine whether deforma-  of 20-40 magnitude 3+ and 3-10 magnitude 4+ per
tion of the bulge occurred by creep at relatively day. Accordingly, we established an 8-km-long line
steady rates or by abrupt movements associated with  from the Coldwater 2 observation station to a glass
the larger earthquakes, which were occurring at rates prism at Goat Saddle (fig. 85). This line was oriented
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within a few degrees of the azimuth of the displace-
ment vector for the other Goat Rocks stations, as
measured in late April and early May (fig. 89) and ac-
cordingly was ideally situated to measure the maxi-
mum shortening in slope distance. On May 4 we mea-
sured this line several times per hour for an 8-hr
period (fig. 91A); during this interval, six earthquakes

3.900 . . — .

4.000 - s -
0314 w

DISTANCE+7750 M

4.100

3.7

3.6
lf L

3.43.7
l

4.0
b

1

4.1

b

0700

0900

1100

1300

1500

TIME

L e e e B B e e IS N O R R
37+
39 -
41—

43

a7t

DISTANCE, IN METERS

n
I

51—

53 —

—T1—Eruptio

|0.4lm/¢|:iayI

IR N W N N T N

7755

4 56 6 7 8 9 10 1112 13 14 15 16 17 18
MAY 1980

Figure 91.—Changes in slope distance between Coldwater
2 and Goat Saddle (located between Goat West and Goat
Rock). Measurements on May 4 were made with a Model 8
Geodimeter; subsequent measurements were with a K&E
Ranger. A, Changes on May 4. Error bars indicate spread
among the three separate frequencies measured by the
Geodimeter. Arrows indicate times of earthquakes under
Mount St. Helens with magnitudes greater than 3.5. B,
Changes from May 4 to May 18.

occurred with magnitudes greater than 3.5, two of
them greater than 4.0. The line shortened at a nearly
constant rate, with few or no inflections that cor-
related with any of the recorded earthquakes, but the
shortening was at a rate of only about 0.37 m/day,
about 25 percent of the average displacement of
1.4-1.6 m/day measured for the Goat Rocks area in
late April and early May. Clearly, we sampled a
period of anomalously slow movement, demonstrat-
ing that significant fluctuations in rates of deforma-
tion were not being detected by our routine mea-
surements at intervals of 1-3 days (fig. 87). Also,
because our measuring interval on May 4 did not in-
clude the largest earthquakes occurring at this time
(magnitudes as great as 4.8), it remains very possible
that abrupt deformations associated with maximum
bursts of seismic energy accounted for part of the
cumulative total displacement. Such an interpretation
is also supported by the discontinuities, already
described, in rates of movement associated with
several targets during the period encompassing the
magnitude-5 earthquake and associated rock and ice
slide on May 12.

From May 5 to May 16 further attempts to measure
the Goat Saddle target from Coldwater 2 were
stymied by poor weather. The next successful
remeasurement, on May 16, indicated an average rate
of shortening over the interval since May 4 of
1.4 m/day (fig. 91B), similar to rates observed for
Goat Rock, Goat Snow, and Goat West targets dur-
ing this general period. However, further measure-
ments from Coldwater 2 to Goat Saddle on May 17
and early on May 18 indicate that the deformation
rate had again slowed, to about 0.5 m/day. Three
key measurements showing this slow rate, each taken
about half an hour apart, were radioed in by David
Johnston on the morning of May 18, the last at 0653
PDT—only an hour and a half before the cata-
strophic failure of the north slope and the beginning
of the eruption.

DISCUSSION

The rates of deformation measured geodetically
during growth of the bulge on the north flank of
Mount St. Helens, as much as 2.5 m/day, are the
largest that we know of over a sustained period on an
active volcano. In contrast, on Kilauea Volcano in
Hawaii, where many of the definitive geodetic studies
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of volcanically related ground deformation have been
made, rates of extension and uplift during inflation
premonitory to eruptive events are typically only a
few millimeters per day.

The closest analog to the growth of the bulge and
associated events on Mount St. Helens with which we
are familar is the rapid uplift at the base of Usu
Volcano in Japan, just prior to the emplacement of
the Showa Shinzan dacite lava dome in 1944-1945
(Ishikawa, 1950; Minikami and others, 1951). There,
an elliptical area about 1 by 1.5 km across began to
rise in April 1944, in conjunction with intense seis-
micity and intermittent phreatic eruptions. Rates of
uplift were as much as 30 cm/day, and by September
1945, previously flat lying rice fields had been
uplifted as much as 150 m, forming what the local
geologists called a “roof mountain” (Minikami and
others, 1951). In November 1944, viscous dacitic lava
reached the surface near the center of the uplifted area
and accumulated as a typical lava dome more than
100 m high before activity ceased in 1945.

Although the rates of deformation associated with
growth of the bulge on Mount St. Helens are well
established for late April and early May, the history
of the bulge in late March and early April is less
certain. If the remarkably constant geodetically deter-
mined rates of deformation are extrapolated back to
the beginning of eruptive activity and the first
observed ground cracking at the summit area on
March 27, they cannot account for the size of the
bulge as measured photogrammetrically for the
period August 1979 (the last preeruption photog-
raphy) to early April (Moore and Albee, this volume,
tig. 71). Accordingly, either the rate of growth of the
bulge was more rapid during the initial stages of
volcanic activity than when later measured geodeti-
cally, or alternatively, some deformation proceeded
unrecognized prior to March 27 or even aseismically
prior to March 20. We favor the first alternative,
which would correlate maximum rates of deforma-
tion to the period of maximum seismic release of
energy in late March.

Whatever the details of bulge growth, by the end of
April the scale of deformation associated with growth
of the bulge clearly indicated that magma was moving
upward into the volcanic edifice. In particular, the
subhorizontal motions of most targets and slight
upward movement of the North Point target demon-
strated that the bulging could not simply be reflecting
gravitational slumping of the north flank. Most prob-
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ably, a body of dacite magma was emplaced into the
edifice in late March, with slower upward and out-
ward growth in April and early May. Emplacement of
a new lava dome was anticipated in the vicinity of the
bulge, by analogy both with events at Showa Shinzan
in Japan in 1944-45 and with prior activity of Mount
St. Helens. In the past few thousand years, at least
four dacitic domes had been emplaced on Mount St.
Helens, at the summit and on the north side of the
volcano; none are known to have formed on the
south side (Crandell and Mullineaux, 1978, Hoblitt
and others, 1980).

The purposes of our monitoring activities were to
determine the rates of deformation and to anticipate
effects of any oversteepening on the north flank of the
volcano. We realized that gravitational failure could
occur as a secondary consequence of the intrusion
event. These results thus contributed to hazard as-
sessments in late April and early May that Mount St.
Helens remained highly dangerous, despite the seem-
ingly mild small-scale phreatic eruptions that were
then the most conspicuous activity. As a result, the
north flank of the volcano was kept closed to general
public access (Miller and others, this volume), despite
heavy public pressure for access. Meanwhile in our
geodetic studies, we hoped to see some acceleration in
rates of deformation, prior to catastrophic failure;
such progressive increases in deformation rates have
been documented in the transition from slow creep to
failure in landslide environments (D. J. Varnes, writ-
ten commun., 1980). No such transition occurred on
the north flank of Mount St. Helens within the period
of our observations; possibly the anticipated change
in deformation rate occurred in late March at the time
of onset of major seismicity. Alternatively, the land-
slide model may not have been applicable to the slope
failure at Mount St. Helens, because the deformation
was primarily intrusion-driven, rather than gravita-
tional, and was associated with high seismic-energy
release. Clearly, the flank was not yet ready to slide
by itself. Instead, it required a triggering event to start
to fail. The magnitude-5+ earthquake provided such a
trigger.

Finally, the ground deformation data described in
this report provide an important framework for inter-
preting the events of May 18. No significant increases
in rates of deformation preceded or caused the failure
of the north flank and the subsequent eruptive events
on the morning of May 18. Both analysis of the
seismic data and eyewitness accounts strongly suggest



that the failure of the north flank was triggered by the
magnitude-5+ earthquake at 0832, a seismic event
slightly larger than but otherwise similar to many
preceding earthquakes. By May 18 the growth of the
bulge had simply so oversteepened the north flank
that it was ripe for failure. Also, the variations in
deformation rates over periods of a few hours to a
few days, documented by the measurements from
Coldwater 2 to Goat Saddle, along with the trend
toward fewer but larger earthquakes (Endo and
others, this volume), suggest that in mid-May larger
stresses were accumulating between seismic events. In
any case, the lateral eruption accompanying and
following the earthquake-induced failure of the north
flank on the morning of May 18 is reasonably inter-
preted as primarily driven by phreato-magmatic ex-
plosions of hot water-saturated rocks within the
volcano, when the lithostatic confining pressure was
abruptly released by slope failure.

Such a gravitational-failure mechanism may well
have been significant at other well-known (but
mostly poorly documented) lateral volcanic blasts,
such as Bandai-san in Japan (Sekiya and Kikuchi,
1889) and Bezymianny and Shiveluch in Kamchatka
(Gorshkov, 1959; Gorshkov and Dubik, 1970). The
accounts of events at Bandai-san and Shiveluch are
too fragmentary to interpret, but at Bezymianny
photographic evidence demonstrates that deforma-
tion similar to that on Mount St. Helens occurred
prior to the paroxysmal explosion in March 1956. At
Bezymianny the old dome that constituted the central
mass of the volcano was uplifted about 100 m, the
summit crater was widened by 230 m, and the adja-
cent flank of the volcano increased in steepness from
about 30° to 35° (Gorshkov, 1959, p. 83). The
mechanism of laterally directed blasts from a central-
vent volcano, which formerly seemed enigmatic to
us, is readily understandable if related to phreato-

magmatic explosions triggered by gravitational fail-
ure of a deforming flank of a volcano. Accordingly,
the difference between the 1980 events at Mount St.
Helens and the 1944-45 activity of Showa Shinzan
would be that the magma body at Showa Shinzan
was emplaced in relatively flat terrain at the base of
Usu Volcano, whereas the dacite at Mount St. Helens
could deform the already steep north flank of the
volcano, probably weakened by repeated prior em-
placement of lava domes on that side.
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THE 1980 ERUPTIONS OF MOUNT ST. HELENS, WASHINGTON

GEODETIC MONITORING AFTER THE MAY 18 ERUPTION

By D. A. SWANSON, P. W. LIPMAN, J. G. MOORE, C. C. HELIKER, and
K. M. YAMASHITA

ABSTRACT

Geodetic monitoring of Mount St. Helens, which was resumed
shortly after the May 18 eruption, has proved to be useful in
defining deformation of this volcano related to magmatic proc-
esses. Deformation was rather small as a result of the May 18
eruption. The volcano probably subsided between 20 and 70 cm
between mid-June and late November, mostly in late June and
early July and perhaps as an after effect of the May 18 event.
Distances from one side of the mountain to the other shortened a
total of 20-25 cm throughout the summer and fall. Periods of
expansion that lasted several days to 3 weeks preceded most
magmatic eruptions and major periods of gas discharge. The ram-
part, an accumulation of tephra immediately north of the vent,
moved northward several tens of centimeters between eruptions
and accelerated before the July and October eruptions. Preerup-
tion expansion of the cone, faster movement of the rampart, and
formation of new radial cracks on the crater floor may be
premonitory either to magmatic eruption or to major gas
discharge. A northwest-trending structural element weakly af-
fects the pattern of deformation, particularly deformation related
to contraction of the cone, and may relate to a throughgoing fault
zone beneath or within the cone. Swelling of the volcano is ap-
proximately radial; it represents the combined effects of a shallow
pressure source, which affects the rampart only and may be
related to increased volatile pressure high in the conduit system,
and a deeper pressure source, which affects the entire cone and
may be related to movement of magma into or within a holding
reservoir.

INTRODUCTION

Geodetic monitoring of Mount St. Helens resumed
shortly after the May 18 eruption and was continued
through 1980. The purpose of the monitoring is to
define how the cone responds to magmatic processes
such as intrusion, vesiculation, and eruption. Such
response, on both a short-term (days) and a long-
term (months) basis, provides constraints on the
nature of these processes and may lead to the recogni-
tion of premonitory deformation before eruptions.

Monitoring of ground deformation has proved use-
ful in evaluating “readiness to erupt” in areas of basal-
tic volcanism, such as Kilauea and Mauna Loa (Kino-
shita and others, 1974), Mount Etna (Wadge, 1976),
and Krafla, Iceland (Tryggvason, 1978). Geodetic
monitoring of stratovolcanoes of more silicic com-
position is less common, and the significance of such
monitoring is uncertain.

Surveying of Mount St. Helens after May 18 began
as an experiment to see if the volcano does deform
and, if so, how valuable this deformation might be in
understanding magmatic processes. Results to date
show small repetitive deformations, many of which
can be correlated to observed preeruptive and erup-

157



tive behavior. Some of the deformations that are not by a northwest-trending tectonic grain beneath or
strictly radial to the volcano may partly be influenced within the cone.
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Figure 92.—Geodetic network used to monitor deformation of Mount St. Helens after the May 18, 1980
eruption. Triangle, instrument station; circle, target.
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NETWORK AND METHODS

All targets in the geodetic network established in
April and May (Lipman, Moore, and Swanson, this
volume) were destroyed on May 18, except for Castle
and South Ridge, both of which were severely
damaged, and Base 7, which survived intact. Bench-
marks remained at South Fork Toutle, Butte Camp,
East Dome, and Smith Creek Butte, although the
South Fork Toutle mark was not found until after a
new station had been installed. The electronic
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Figure 93.—Trilateration network at Mount St. Helens.
Dashed lines measured frequently (see fig. 92); solid lines
infrequently. Triangle, instrument station; circle, target.

distance-measuring equipment used to monitor
growth of the bulge (Lipman, Moore, and Swanson,
this volume) was destroyed at Coldwater 2 during the
May 18 eruption.

Reestablishment of the network (fig. 92) began on
May 24 with angle measurements from Butte Camp.
Measurements of slope distance began from Butte
Camp on May 29, South Fork Toutle on June 4,
Clearcut on June 7, Muddy and Road 100 on June 18,
and Harrys Ridge on June 29. The network evolved
during this time as stations were added, instrumenta-
tion was changed, and techniques were improved. In-
strument stations routinely used to monitor the
volcano are tied to points farther from the cone by a
trilateration network (fig. 93). This “outer” network,
established during late June and July, will be reoc-
cupied should major deformation of the cone occur.
Access to all stations is by helicopter.

Angles and slope distances were measured with a
Wild T-2 theodolite (old style) and a Hewlett
Packard 3808A distance meter through most of June,
until a new style T-2 theodolite and a longer range
distance meter, a K&E Rangemaster III, became
available.

Inexpensive, unmanned targets, similar to those
used before May 18 (Lipman, Moore, and Swanson,
this volume), were installed initially. Plastic highway
reflectors, so effective before May 18, proved to be
unsuitable, because they rapidly became sandblasted
by windblown ash and lost their reflectance; conse-
quently, each bank of plastic reflectors was replaced
by one standard corner-cube glass prism. Even these
prisms became sandblasted at vulnerable sites, but
they nonetheless proved to be far superior to the
plastic reflectors. Glass prisms installed within the
crater became etched by hydrogen fluoride in the
volcanic gas and had to be replaced periodically.
Condensation of water on reflecting surfaces of the
prisms has repeatedly caused problems because of
weakened signal strength. Attempts to seal the prisms
and housings have been successful only occasionally.

As fall approached, the need to “winterize” targets
and instrument stations became imperative. In a co-
operative venture, personnel of the USGS and of the
Pacific Power and Light Company, whose concern
was about effects of future eruptions on its hydroelec-
tric reservoirs, installed heavy steel instrument and
target towers at most survey stations (fig. 94). These
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towers are embedded in concrete and are designed to
withstand winds of 240 km/hr; they stand 3-3.5 m
above ground level, about the anticipated maximum
thickness of the snowpack. Instruments are bolted
directly to the flat top of the instrument tower; a cat-
walk halfway up the tower can be used when snow
depth is low. The target tower has a long neck to
which prisms are bolted. Because these towers are
stable, the quality of measurements has improved
noticeably in heavy winds. How well the towers will
survive avalanches remains untested at this time
(November 1980). One 360-kg tower, which was not
cemented in place but was weighted with several tens
of kilograms of rocks, was swept from the crest of the
the rampart more than 300 m downslope by an ash
flow on October 16 or 17 (fig. 95). Many target
towers have had thick coatings of snow and rime ice
that had to be removed before measurements could
be made.

The geodetic network has been occupied about
once every week or 10 days; completion of the net-
work requires about 6 hr under favorable weather
conditions. Measurements of slope distance from
Harrys Ridge to the mountain have been taken more
often, about once every 2-3 days, because they are
sensitive indicators of deformation of the volcano.
Vertical and horizontal angles have been measured
less frequently because of their imprecision compared
to measurements of slope distance, and because of in-
stability of the tripod owing to strong winds that
commonly buffet exposed instrument stations. Poor
weather has been a continuing problem, and many at-
tempts to take measurements have been aborted by
clouds or winds. An important result of the attempts
at geodetic observations has been an opportunity to
monitor the volcano visually and photographically,
on a nearly daily basis.

Raw measurements of slope distance have been ad-

Figure 94.—Steel towers used in geodetic monitoring of Mount St. Helens. A, instrument tower at Harrys Ridge; B,
reflector tower “Delta” on rampart.
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justed for atmospheric index of refraction by using
meteorologic data at the instrument station only, to
minimize helicopter expense and hazardous time
spent on the volcano. Thus the reported slope
distances are nominal, not true ones. Meaningful
comparison of measurements to the same target at
two different times is contingent on the assumption
that the index of refraction varies regularly along the
light path, and so atmospheric measurements (chiefly
of temperature) at any one point adequately define
the variation. This assumption is invalid, but the
errors introduced are within acceptable limits. At-
tempts to evaluate errors resulting from poor
meteorologic control have been made periodically by
measuring temperature and pressure at both end-
points and by comparing the corrected distances with
those based on one endpoint reading only. These
comparisons show that errors of as much as 2 cm in
an 8-km distance (2.5 parts in 10°) have resulted from
using only one endpoint set of readings, although
more common errors are about 1 cm per 8-km dis-
tance (1.25 parts in 10°). The extent to which errors
may change as weather conditions vary with the
seasons is being investigated.

DEFORMATION RESULTING FROM
THE MAY 18 ERUPTION

The volcano deformed little as a result of the May
18 eruption, except for the remarkable destruction of
the bulge (Moore and Albee, this volume). The South
Ridge target may have moved 10-20 cm southward
between May 17 and 24, on the basis of horizontal-
angle measurements from Butte Camp. However, the
posteruption position of the South Ridge target had
to be adjusted because its vertical pole was bent about
60° southward by the blast; errors in reestablishing
this position were probably large and may account
for all the apparent change. Similarly, possible errors
in reestablishing the damaged Castle target cast doubt
on the validity of an apparent 36-cm extension of a
line between Castle and South Fork Toutle. The slope
distance from Butte Camp to Base 7 did not change
appreciably. A 7.6-km distance from Smith Creek
Butte (east of the volcano) to East Dome shortened
18 mm between April 25 and June 17, which is close
to or within measurement error.

These scanty data suggest that the rest of the
volcano responded only slightly, if at all, to removal

Figure 95.—Delta tower shown in figure 94B moved more
than 300 m downslope from rampart and partly buried by
pyroclastic flow on October 16 or 17. Neck on tower was
sheared off. A prism has been attached to leg of damaged
tower, and slope distance from Harrys Ridge is routinely
measured to this station, named Wreckage.

of the bulge and to formation of the crater and
amphitheater.

NET DEFORMATION DURING
SUMMER AND FALL

CHANGES IN ELEVATION

Changes in elevation of targets relative to instru-
ment stations were too small to resolve accurately by
the rather crude vertical-angle measurements. None-
theless, these measurements show a general pattern of
net relative subsidence of the cone (fig. 96). The data
suggest that the cone subsided most rapidly during
June and early July and became relatively stable
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Figure 96.—Change in vertical angles from instrument stations to targets on Mount St. Helens, June-November 1980.
Angles are from zenith, and so positive changes correspond to subsidence of target relative to instrument. Vertical lines
denote magmatic eruption (red) or vigorous gas discharge (blue). Light-blue area, periodic gas discharge; red area, inter-
mittent magmatic eruptions. Data shown are from the following instrument stations: A, Butte Camp; B, Clearcut; C,
Harrys Ridge; D, Muddy; E, Road 100; F, South Fork Toutle.

thereafter. Perhaps the early subsidence denotes the
final adjustments related to the May 18 events; later
eruptions of small volumes of magma affected the
volcano little.

The south flank of the volcano apparently subsided
a few tens of centimeters in late August and Septem-
ber, as shown by vertical-angle measurements to
South Ridge, Southeast Ridge, and Southeast Slope
from Butte Camp and Clearcut. This episode corre-
sponds to a prolonged period of horizontal expansion
without eruption.
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Vertical-angle measurements from Road 100 in-
dicate relative uplift of several targets, contrary to
data from other instrument stations. We interpret this
to reflect actual subsidence of the Road 100 station,
which is located on a thick directed-blast deposit
(Hoblitt and others; Moore and Sisson; Waitt; all this
volume) that settled as it cooled, and as smoldering
logs buried within the deposit collapsed.

A change in vertical angle does not necessarily in-
dicate a change in elevation until the effect of slope
distance is evaluated. As an extreme, a large decrease



in slope distance could result in apparent uplift but
actual subsidence, as occurred at several targets
before May 18 (fig. 89). However, the small changes
in slope distance since May 18 have a negligible effect
on changes in vertical angle, and so measured angles
approximate elevation changes after considering
observation error. Such error is hard to assess for
these data, but it is probably rather large owing to
meteorologic uncertainties and to often indistinct
targets. We believe that an estimate of +8-10 s is
realistic, and many of the angle measurements show
net changes greater than this. For small changes in
slope distance, the maximum amount of subsidence is
given approximately by D sin V, where D is the initial
slope distance and V is the change in vertical angle,
provided that this change is small. From this relation,
amounts of maximum subsidence for points on
Mount St. Helens are about 20-70 cm:; the actual sub-
sidence is probably slightly less.

CHANGES IN SLOPE DISTANCE

Most measured slope distances on the volcano
lengthened several centimeters between June and
November (fig. 97). The overall precision of these
measurements is probably +1-2 cm. The lengthening,
together with vertical-angle measurements, indicates
net contraction of the cone relative to the instrument
stations. Vectors of horizontal displacement, calcu-
lated from changes in slope distance assuming stabil-
ity of instrument sites, indicate several centimeters of
movement (maximum of 15 cm, except for the poorly
constrained vector of Southeast Slope) and show the
overall pattern of contraction (fig. 97). Strictly, these
vectors should be corrected for changes in elevation
of target relative to instrument site, but such correc-
tions are negligible for the small observed changes.
Changes in horizontal angles are too small to con-
strain the vectors.

The pattern of displacement vectors shows both
elements of radial symmetry and important depar-
tures from such symmetry. Directions of movement
of South Ridge and Nelson, which depart from a
radial pattern, together with movements of other
targets (except for Kid), are consistent with contrac-
tion of a northwest-trending structure influencing the
radially contracting cone. Northwest-trending faults,
probably right lateral, are being recognized widely in
the Cascade Range and adjacent Columbia Plateaus

province (Lawrence, 1976; Beeson and others, 1975;
Anderson, 1978; Bentley and others, 1980), and loca-
tions of earthquakes suggest that Mount St. Helens
sits astride one such fault zone (Weaver and others,
1980; this volume). Patterns of expansion of the cone
are generally more nearly radial than are patterns of
contraction; this difference in pattern suggests that
increased magmatic pressure dominates over regional
stresses at such times.

In summary, net deformation of the cone from June
to November consists of subsidence of about
20-70 cm and horizontal contraction of about
20-25 cm, twice the radial displacement of any one
target. From November through December, changes
on the cone were very small, mostly within measure-
ment error.
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Figure 97.—Net change, in millimeters, of slope distances
(shown as values on black network lines), between June 19
and November 13. Displacement vectors (blue) derived
relative to instrument stations (triangles), assumed to be
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EPISODIC DEFORMATION RELATED
TO MAGMATIC ACTIVITY

The net deformation of the volcano results from a
sequence of episodic contractions (“deflation”) and
expansions (“inflation”), most of which are directly
correlated with eruptive or noneruptive activity.
Before September 3, longer periods of contraction
were punctuated by short periods of expansion imme-
diately followed by a Plinian-type eruption (fig. 98).
This pattern changed slightly in early September
when a 3-wk period of slow expansion began, and
finally ended on September 24 when several large
pulses of degassing took place from vents along the
margin of the dome. After that, the volcano con-
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tracted slightly until mid-November, including the
time immediately preceding the October eruption,
then expanded until early December. The episodic
deformation commonly shows both radial and north-
west elements, although swelling is generally more
nearly radial than is contraction.

Because of the relative inaccuracy and infrequency
of vertical-angle measurements, elevation changes are
difficult to correlate with the episodic “horizontal”
deformation. The September period of expansion
may have been accompanied by subsidence of south-
flank targets South Ridge, Southeast Ridge, and
Southeast Slope and north-flank targets Sugar Bowl
and Kid (fig. 96); Step target may have been uplifted
during this same period. The large degassing events
on September 24 ended these trends.
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CUMULATIVE CHANGE IN SLOPE DISTANCE, IN CENTIMETERS
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Figure 99.—Cumulative change in slope distances during summer and fall between Harrys Ridge and targets in crater
and on north flank of Mount St. Helens. For purposes of computing extensional strain, approximate distances from
Harrys Ridge are: Step, 6,348 m; Deep Throat, 7,507 m; Kid, 7,527 m; Rampart, 8,237 m; Pup, 8,294 m; Delta,
8,378 m; Rampart East, 8,393 m; Rampart West, 8,408 m; Breadcrust, 8,417 m. Dashed data line (black) indicates
reestablishment of a damaged station. Blue lines, gas discharges; blue area, periodic gas discharge; red lines, magmatic

eruptions. Dashed blue line, new fumarole.

MOVEMENT OF THE RAMPART

Shortening of slope distances between Harrys
Ridge and the crest of the rampart, notably in the
weeks before the July and October eruptions (fig. 99),
suggests northward displacement of the rampart.
Shortening also preceded the August eruption, al-
though the last period of measurement (August 4-6)
showed an extension of about 3 cm, possibly within
measurement error. The rate of shortening was rather
consistent, about 1 cm/day before the July eruption
and somewhat less afterward (figs. 99, 100). The rate
accelerated before the July and October eruptions to
as much as 5 cm/day. Net shortening between Harrys
Ridge and the rampart is at least 135 cm (fig. 100),
assuming that the movement is irreversible; this
assumption is untestable, because each eruption has
destroyed the rampart target.

Such striking displacement affected neither the am-
phitheater floor (Deep Throat) nor walls (Kid, Sugar
Bowl). A plot showing changes in slope distance to

the rampart relative to Kid, a stable point compared
to other targets (fig. 100), shows a pattern similar to
but slightly smoother than that shown in figure 99.
The smoother pattern probably reflects elimination of
much of the error caused by atmospheric uncertainty,
which is far more serious for the long distance be-
tween the Harrys Ridge station and Kid than for the
rather short distance between Kid and the rampart.

Early suggestions that local movement of the ram-
part was related to slumping or cooling of the tephra
seem disproved by a similar pattern of movement
following the August eruption at three locations on
the rampart, which are far apart and in areas of dif-
ferent slope and topography. Moreover, vertical
angles show no clear evidence of subsidence and in
fact suggest either slight net uplift or no change
(fig. 96).

The rate of shortening of slope distances to the
rampart (Delta and Rampart West) accelerated before
major episodes of vigorous gas release on September
24 and October 1. These events, from vents just off
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CUMULATIVE CHANGE IN SLOPE DISTANCE, IN CENTIMETERS
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Figure 100.—Cumulative change in slope distance from Harrys Ridge to rampart stations minus change from
Harrys Ridge to Kid (shown as circles). This plot minimizes error caused by poorly known atmospheric condi-
tions between Harrys Ridge and Kid and shows a gradually diminishing rate of shortening from June 29 to
November 26. Dots indicate that a slope distance was measured only to the rampart. No change is assumed
during periods of eruption, when targets on rampart were destroyed and new targets were established (July,
August, and October; see fig. 99). Between August and October eruptions, when there was more than one target
on rampart, Rampart East was plotted until September 17 and Delta thereafter. Blue lines, gas discharges; blue
area, periodic gas discharge; red lines, magmatic eruptions. Dashed blue line, new fumarole.

the east side of the August dome, were accompanied
or immediately followed by extension of all distances
measured from Harrys Ridge (fig. 99), indicating de-
tumescence of the volcano. Another degassing event,
late on October 27, correlates in time with accelerated
expansion of the cone (fig. 99), although the rampart
station moved less than did the north-flank stations
(figs. 99, 100). This expansion was quickly canceled
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by abrupt detumescence between October 28 and 29,
a time during which no vigorous degassing was
reported.

Radial cracks on the crater floor south of and on
the rampart became apparent in mid-September. The
cracks radiated from the explosion crater at the vent.
Repeated measurements of the width of four of the
cracks showed continued widening until the October



eruption (fig. 101). The rate of widening generally in-
creased during periods in which new radial cracks
formed; these periods also correlate with increased
rates of northward movement of the rampart
(figs. 99, 100). The total width of cracking can ac-
count for only a small amount of the movement of
the rampart, probably less than 15 percent, even if all
crack widening were directed northward. Many
radial cracks that formed after the October eruption
continued to widen until early December. Complex
cracking and faulting of the crater floor accompanied
emplacement of the two lobes of the dome in late
December.

Correlation between movement of the rampart and
development of cracks is probably not fortuitous. We
believe that both are related to changing magmatic
pressure in a narrow, subvertical conduit beneath the
crater. The pressure changes are so small and shallow
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that they affect only the crater itself. Larger and prob-
ably deeper changes in pressure affect the entire cone
and cause episodic expansions and contractions
recorded by the geodetic network. The two pressure
sources are at times independent, and the systematic
movement of the rampart indicates the shallower of
the two is more consistent. Perhaps the two pressure
sources are actually part of one reservoir system—the
shallower source reflecting changes, usually in-
creases, in volatile pressure in the upper part of a
degassing magma body; the deeper source reflecting
ingress and egress of magma itself in the lower part of
the reservoir. Accelerated rate of shallow-level expan-
sion before magmatic eruptions and episodes of vig-
orous gas discharge, as recorded by measurements
from Harrys Ridge to the rampart, may reflect
rapidly increased volatile pressure owing to magma
mixing, convective overturn, or other processes
within the reservoir system.
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Figure 101.—Plot of widening of selected radial cracks measured on rampart and crater floor, September 17 to
November 5. Cracks were first measured on September 17, and subsequent measurements refer to this datum. Inset in-
dex maps are diagrammatic; scale approximate; hachured line, rim of inner crater; lines representing cracks indicate
direction only, not length. Cracks measured from September 17 to October 15 were destroyed by subsequent erup-
tion, and different cracks appeared thereafter. Blue lines, gas discharges; blue area, periodic gas discharge; red lines,
magmatic eruptions. Gray vertical lines indicate dates when additional radial cracks were first observed.
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CONCLUSIONS

1. Deformation of the outer flanks of Mount St.
Helens was rather small as a result of the May 18
eruption, except for destruction of the bulge.

2. The volcano experienced net subsidence, prob-
ably between 20 and 70 cm, and horizontal contrac-
tion of 20-25 cm since mid-June. Most of the sub-
sidence took place in late June and early July, whereas
horizontal contraction accumulated episodically
throughout the summer and fall.

3. Long periods of contraction of the cone were
punctuated by shorter periods of expansion of the en-
tire cone, which lasted several days to 3 weeks. No
expansion preceded the October eruption.

4. The rampart moved northward between erup-
tions and accelerated before the July and October
eruptions.

5. Preeruption expansion of the cone, accelerated
movement of the rampart, and formation of new ra-
dial cracks on the crater floor may be premonitory
either to magmatic eruption or to major gas
discharge.

6. A northwest-trending structural element weakly
affects the deformation pattern, particularly that re-
lated to contraction of the cone, and may relate to a
throughgoing fault zone. Patterns of expansion are
generally more nearly radial than are patterns of con-
traction.
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7. Two pressure sources, which perhaps represent
the upper and lower parts of a magma reservoir
system, can be interpreted from the geodetic data.
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THE 1980 ERUPTIONS OF MOUNT ST. HELENS, WASHINGTON

SUMMARY OF ELECTRONIC TILT STUDIES AT
MOUNT ST. HELENS

By JOHN DVORAK, ARNOLD OKAMURA, CARL MORTENSEN, and
M.].S. JOHNSTON

ABSTRACT

During April and early May 1980, a network of five electronic
tiltmeters was installed around Mount St. Helens, at radial
distances ranging from 3 to 15 km from the center of the volcano.
Each instrument telemetered two perpendicular components of
tilt in approximately 10-min intervals to a monitoring station
70 km to the southwest, in Vancouver, Wash.

From the beginning of their operation, two of the three
tiltmeters that were within 6 km of the volcano continued to
indicate a general inflation or uplift of the region surrounding the
volcano. The end of this general inflationary trend roughly
coincided with the appearance of the first lava dome in mid-June
1980. The third tiltmeter within 6 km of the summit recorded an
apparent deflationary trend that was probably related to
formation of an east-west summit graben, whereas the two
tiltmeters more than 6 km away recorded only very minor tilt
changes. From mid-June to early October, data from the
tiltmeters closest to the volcano showed a possible very slight
subsidence of the region surrounding Mount St. Helens.

No obvious tilt changes immediately preceded any of the major
eruptions of Mount St. Helens that occurred between April and
September 1980. At the onset of eruptive activity on May 18, a
tiltmeter 6 km south-southwest of the volcano indicated an
abrupt inflationary change in tilt of roughly 4 purad
(microradians); possible short-term, transient tilt changes of as
much as 2 uprad occurred during the time when the highest
amplitude of harmonic tremor was recorded during this eruption.

Only during one post-May 18 eruption has a definite change in
tilt been measured during eruptive activity at Mount St. Helens.
A tiltmeter 6 km south-southwest of the center of the volcano
recorded a deflationary change of 2 urad, corresponding to the
beginning of eruptive activity on May 25. Through September,
no tilt changes larger than 0.5 urad have corresponded to any
other eruptive activity of Mount St. Helens.

INTRODUCTION

The precise measurement of surface deformation
around active volcanoes gives an indication of unseen
long-term changes taking place beneath the surface
that, in part, are related to subsurface movement of
magma. Following the initiation of eruptive activity
at Mount St. Helens in March, a network of elec-
tronic tiltmeters was installed to monitor possible
ground deformation.

The first instruments were installed during the
latter half of April, within 1 mo of the beginning of
earthquake activity (Malone and others, this volume)
and phreatic activity (Christiansen and Peterson, this
volume). Five Kinemetrics biaxial tiltmeters were
installed at radial distances ranging from 3 to 15 km
from the center of the volcano prior to the large
eruption of May 18 (fig. 102). These are platform-
type instruments that measure horizontal tilt about
two perpendicular axes over a horizontal base length
of approximately 200 mm. They were secured with
expansion bolts to cast-concrete baseplates that were
firmly cemented to rock outcrops.

The two tiltmeters north and east of Mount St.
Helens were destroyed at the beginning of the May 18
eruption. These instruments were later replaced by
two borehole tiltmeters installed west and south of
the volcano, out of the area devastated by the May 18
eruption and in locations probably safe from future
minor pyroclastic flows or mudflows. The borehole
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tiltmeters were also biaxial Kinemetrics instruments
that measure tilt changes about two perpendicular
axes over a vertical base length of approximately 1 m.
They were installed in cylindrical steel clamps that
were packed firmly into boreholes with fine silica
sand (Mortensen and others, 1977). These tiltmeters
have been emplaced on the lower, gentler slopes
surrounding the volcano to increase the chance of
continued operation throughout the winter.

Perpendicular components of tilt were telemetered
from each site in approximately 10-min intervals to a
monitoring station 70 km to the southwest in Van-
couver, Wash., where they were digitally recorded on
paper tape. Each instrument is capable of measuring
short-term tilt changes as small as 0.1 prad;
however, owing to drift of the electronic components
and to the short base of these instruments, long-term
tilt trends cannot be confidently determined to this
accuracy. To partly reduce the diurnal contribution
to the background noise, the three most southerly
instruments were placed inside lava tubes to achieve a
more stable thermal environment.
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LONG-TERM TRENDS IN TILT

The tilt vectors estimated by fitting linear trends to
the tilt data received between May 6 and May 18 are
shown in figure 102. The Ape Cave South station did
not operate until May 9. During this 2-week period,
both the Timberline and Ape Cave North tiltmeters
indicated continual inflation at a rate of 1-1.5 urad
per day, recorded at radial distances of 4-6 km from
the center of the volcano. The apparent deflation in-
dicated by the station on East Dome was probably the
result of the formation of the east-west summit gra-
ben (Moore and Albee, this volume). Data from the
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more distant Ape Cave station suggested a possible
slight deflation of the far-field region surrounding the
volcano.

The long-term trends in the tilt data are displayed
in figure 103 as time plots for three stations. Figure
103 shows the daily averages of the tilt data beginning
May 1 and continuing through October 1, determined
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Figure 102.—Locations of electronic tiltmeters around
Mount St. Helens. Those indicated by solid circles are plat-
form instruments, installed before May 18; the two open
circles indicate borehole instruments, installed after
May 18. Tilt vectors indicate approximate tilt direction
and magnitude determined at each site from May 6 to
May 18.
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Figure 103.—Daily averages of tilt (in two
directions) at each of three stations near
Mount St. Helens. A downward tilt to east
or north is defined as positive. Vertical lines
indicate major eruptive activity. Gaps in the
data indicate times when no usable data
were collected. A, data from Ape Cave
North station; B, from June Lake station; C,
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by averaging all of the data received during 6-hr in-
tervals, thus minimizing diurnal variations.

Baseline values were lost at the Ape Cave North
station during two long time gaps, in mid-June and
mid-August, because of electronic difficulties and
physical problems, such as rock falls and rock crack-
ing at the site. Data recorded at the nearby June Lake
station suggest that only small tilt changes occurred
during these intervals.

No long-term changes in tilt are directly associated
with major eruptive activity, including the large
May 18 eruption. The overall tilt pattern indicated by
data from the Ape Cave North station (fig. 103A) is
an almost constant inflation rate beginning at the time
the tiltmeter became operational and continuing until
mid-June. The measured tilt change at this station was
30 urad recorded between May 6 and June 13. Data
for the initial 9-day adjustment period for this tilt-
meter is not shown in figure 103A. By mid-June, the
tilt change apparently was reduced. Data recorded by
the June Lake station tiltmeter (fig. 103B) suggest a
possible slight deflation or subsidence between June
and October 1. The change in the tilt pattern from an
inflationary trend to a constant or slightly defla-
tionary trend occurred approximately at the same
time as the appearance of the first lava dome, shortly
after the June 12 eruption. The measured amount of
deflation recorded by the June Lake tiltmeter
(fig. 103B) suggests a net deflation of as much as
20 urad, which occurred between mid-June and early
October. However, Ape Cave North station data do
not indicate a deflation larger than 5-10 urad, a
deflationary change in tilt that is considerably less
than the inflationary change measured between late
April and mid-June.

The more distant tiltmeter, at Ape Cave station,
recorded a much more erratic tilt pattern than was
recorded by the other instruments, and long-term
variations (fig. 103C) as large as 30 prad occurred for
several months. However, this long-term variation is
questionable, because these changes could not be cor-
roborated by other tiltmeters installed at similar
distances from the volcano.

MAY 18 ERUPTION

Two tiltmeter stations, Timberline and East Dome,
were destroyed by the blast of May 18. The remaining
three tiltmeters continued to transmit data throughout
this eruption, and these data (received from the two
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Figure 104. — Twenty-four-hour tilt data that span the May 18 eruption. A downward tilt to east or north is defined as
positive. Data were taken at approximately 10-min intervals; diurnal variations have not been removed. Vertical line in-
dicates 0832 PDT, time of earthquake that initiated eruptive activity. A, data from Ape Cave North station; B, data from
Ape Cave station.

nearest stations) are shown in figure 104. These data The closer station, Ape Cave North, recorded a
were received in approximately 10-min intervals, sudden inflationary tilt change of about 4 prad,
and they are shown beginning from 1200 GMT on which coincided with the beginning of eruptive activi-
May 18—that is, 3.5 hr before the onset of eruptive ty; at the same time, the more distant station, Ape

activity. Cave, did not record any abrupt change in tilt larger
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Figure 105. — Twenty-four-hour tilt data that span the May 25 eruption. A downward tilt to east or north is defined as
positive. Vertical lines indicate onset of major eruptive activity as indicated by seismic data. A, data from Ape Cave
North station; B, data from Ape Cave station.
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Figure 106.—Plot of theoretical volume of material
transported during May 25 eruption. Calculation based on
tilt data shown in fig. 105, assuming a point source in an
elastic half-space. The family of possible solutions must lie
on the solid line (determined from tilt data from Ape Cave
North) below the hachured line (upper bound, determined
from tilt data from Ape Cave).

than 1 urad. Between 2200 and 2400 GMT, when the
highest amplitude of harmonic tremor was being
recorded (Malone and others, this volume), short-
term, transient deflationary tilt changes of a few
microradians were recorded by both instruments.

No obvious precursory tilt changes preceded the
large eruption of May 18. A more complete picture of
the tilt changes that occurred during this eruption,
and possibly of short-term changes that may have
preceded the eruption, may be revealed when the
diurnal variation has been removed from these data.

POST-MAY 18 ERUPTIONS

A series of eruptive plumes and dome extrusions
occurred at Mount St. Helens during the months after
the large eruption on May 18. The timing and style of
this eruptive activity are discussed by Christiansen
and Peterson (this volume). Of the four major erup-
tive sequences that occurred between late May and
September 1980, definite tilt changes accompanied
only the May 25 eruption.

Figure 107.—Twenty-four-hour tilt data recorded at Ape
Cave North station that span the eruptions of June 12,
July 22, and August 7. A downward tilt to east or north is
defined as positive. Vertical lines indicate onset of major
eruptive activity as indicated by seismic data. A, June 12;
B, July 22-23; C, August 7-8, 1980.
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Tilt data received in approximately 10-min inter-
vals during the 24 hr spanning the May 25 eruption
are shown in figure 105. An abrupt deflationary
change in tilt that coincided with the beginning of the
major eruptive phase was recorded at the Ape Cave
North station (fig. 105A). A similar though much
smaller deflationary change in tilt may also have been
simultaneously recorded by the Ape Cave station
(fig. 105B); however, the magnitude of this change is
not convincingly above the noise level of this station,
which is about 0.75 urad. A maximum value of
0.75 urad tilt change is indicated by the record
shown in figure 105B.

The tilt change recorded on May 25 at the Ape
Cave North station and the maximum value esti-
mated for the change at the more distant Ape Cave
station allow the rough estimation of the maximum
depth of the source giving rise to these possible tilt
changes (fig. 106). Assuming a small spherical or
point source in an elastic half-space, the volume
change of the volcano as a function of depth may be
computed from the observed and the bounded values
of changes in tilt. Assuming that this point source is
directly below the center of the volcano, a tilt change
of 2 prad at the distance of the Ape Cave North tilt-
meter would result in a volume transported from
various depths to the surface as indicated by the solid
curve. An upper bound on the change in tilt recorded
by the Ape Cave tiltmeter of 0.75 urad requires all
possible volume changes to lie below the hachured
line in figure 106. The intersection of these two curves
indicates that the maximum source depth for this
eruption, based on this model, is less than 7 km.

None of the eruptions later in the summer at Mount
St. Helens produced immediate tilt changes larger
than 0.5 urad at the Ape Cave North station (fig.
107) or at other stations (fig. 102).
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SUMMARY

Electronic tiltmeters are well suited to measure
rapid, small changes in tilt that accompany eruptive
activity of short duration; however, these instru-
ments do not allow dependable determination of
long-term tilt changes of small magnitude because of
drift of the electronic components, the short base of
the sensor, and the site installation.

At Mount St. Helens, the electronic tiltmeter net-
work has met with modest success; changes associ-
ated with eruptions produced small changes in tilt.
These instruments recorded the gradual inflation of
the region surrounding the volcano, which continued
until the appearance of the first lava dome in mid-
June. Since then, additional tiltmeters, together with
those that survived the May 18 eruption, have indi-
cated no net change or at most a very minor deflation
or subsidence of the region immediately surrounding
the volcano from mid-June to early October. Rapid
changes in tilt of a few microradians were recorded at
the onset of activity during the May 18 and May 25
eruptions. No immediate tilt changes larger than
0.5 urad accompanied surface activity during subse-
quent major eruptions of Mount St. Helens, which
occurred on June 12, July 22, and August 7.
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THE 1980 ERUPTIONS OF MOUNT ST. HELENS, WASHINGTON

TEMPORAL GRAVITY VARIATIONS AT MOUNT ST. HELENS,
MARCH-MAY 1980

By ROBERT C. JACHENS, D. RANDALL SPYDELL, G. STEPHEN PITTS?,
DANIEL DZURISIN, and CARTER W. ROBERTS

ABSTRACT

A sequence of gravity measurements began on Mount St.
Helens on March 29, 1980, 9 days after the onset of seismic activ-
ity beneath the mountain and 2 days after the initial eruption
from the summit region. A network of seven stations on the north
and east flanks of the volcano was established between March 29
and April 2, and parts of the network were remeasured five times
between April 4 and May 9. Three stations (Timberline, Windy
Pass, and East Dome) were within 2-3 km of the bulge that
formed on the north flank before the catastrophic eruption of
May 18. Gravity values were tied to a remote station in the North
Fork Toutle River valley about 17 km from the summit and taken
repeatedly at each station along closed loops using three
gravimeters. Uncertainties associated with the measurements
averaged about 10 uGal (1 standard error).

Interpretation of the gravity data led to the conclusion that the
growth of the bulge was the only significant event detectable
through these techniques. Gravity at Timberline remained vir-
tually constant during the period March 29-May 9. Gravity at
Windy Pass and East Dome increased by approximately 30 pGal
between April 2 and 7, then decreased by 30-50 uGal between
April 7 and May 9. The gravity data from the three stations, with
the effects associated with the volcanic processes and redistribu-
tion of snow and ground water eliminated, show only small total
changes (<20 uGal) and maximum fluctuations of only
30 uGal. Calculations based on topographic maps show that the
growth of the north-flank bulge should have caused gravity to
decrease almost uniformly with a rate of 1.0 uGal/day at
Timberline and Windy Pass and a rate of 0.5 uGal/day at East
Dome, which would account for only part of the decrease and
does not account for the measured increase. Based on the relation-

1School of Oceanography, Oregon State University, Corvallis, Oreg. 97331.

ship between gravity change and elevation change (about —2
uGal/cm), the gravity data imply net elevation changes of less
than 10 cm at all three stations.

From the relative constancy of the data indicating small eleva-
tion changes and using the estimated volume increase of the bulge
to account for most of the fluctuations, it is reasonably certain
that the source region of the magma that intruded the north flank
was deeper than 7 km and probably was deeper than 10 km, and
could not have been nearer the surface without detection by
precision gravity measurements.

INTRODUCTION

Precise gravity measurements are a rapid and inex-
pensive means for monitoring deformation and mass
movement associated with volcanic activity. Assum-
ing that the effects of solid-earth tides, ocean tides, and
mass movements in the atmosphere have been taken
into account, gravity measured at a point fixed to the
Earth’s surface will vary with time in response to ver-
tical displacement of the observation point and to
variations of mass distributions near the observation
point. Temporal gravity changes associated with
volcanic activity typically range from a few microGals
to a few hundred microGals (1 uGal=1X10-¢ cm/s?)
and generally display a good correlatiorr with elevation
changes.

Recent advances in the design of gravimeters and
refinements in observational techniques permit grav-
ity differences between widely spaced points to be
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measured with uncertainties of 10 uGal or less.
These instruments and techniques have been used
successfully to study volcanic events in Hawaii,
Iceland, and Japan. When volcanic activity began at
Mount St. Helens in March 1980, a program of
repeated gravity measurements was set up in order to
study the deformation and mass movements
associated with this activity.

DATA COLLECTION AND
REDUCTION

On March 29, 1980, 2 days after the initial eruption
from the summit of Mount St. Helens and 9 days after
the onset of seismic activity beneath the mountain, a
network of high-precision gravity stations was estab-
lished on the north side of the volcano (fig. 108). The

122°25'

network consisted of a reference station in the
North Fork Toutle River valley about 17 km north-
west of the summit, two stations in the same valley
directly north of the mountain, a station just south of
Spirit Lake, and a station in the Timberline parking
area. The following day two new stations (Windy
Pass and East Dome) on the northeast and east flanks
of the volcano were added to the network.
Measurements were made every day for 5 days
(March 29-April 2) and then repeated for part of the
network on April 4, 7, 10, and 17, and May 9. After
the first 4 days of measurement, the observed tem-
poral gravity variations appeared very small through-
out the network, and the three stations farthest from
the summit (Spirit Lake and two stations immediately
to the west) were abandoned in order to concentrate
effort at the three stations closest to the summit. The
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Figure 108.—Precision gravity stations on Mount St. Helens: open triangle, reference station for all pre-May 18
surveys; open squatres, pre-May 18 stations buried during May 18 eruption; solid squares, pre-May 18 stations
recovered following the May 18 eruption and included in post-May 18 network; solid dots, stations established
after May 18. Dashed line, general outline of bulge that developed on north flank prior to May 18 eruption.
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catastrophic eruption of May 18, 1980, effectively
ended this phase of the study by burying five of the
stations, including the reference station, which is now
beneath an estimated 30-60 m of debris. Following
this eruption, one of the two former instrument sites
at East Dome was recovered, but severely disrupted
local terrain prevented recovery of the second instru-
ment site at East Dome and the one at Windy Pass.
New instrument sites were established at these sta-
tions and made part of a new network (fig. 108)
whose reference station is located in Vancouver,
Wash.

Gravity measurements, tied to the reference sta-
tion, were taken repeatedly at each station using
LaCoste and Romberg gravimeters equipped with
electronic readout. In a typical survey every network
station was measured with three gravimeters during
two complete loops through the network per day
with the reference station remeasured every 2-4 hr.
Earth-tide effects were removed according to the
formulation of Longman (1959), with a compliance
factor of 1.160; a linear or parabolic function of time
was used to approximate daily gravimeter drift. Cali-
brations of all gravimeters are based on measure-
ments taken over the USGS’s Mount Hamilton cali-
bration range (Barnes and others, 1969).

For each survey, the use of three gravimeters over
two closed loops of the network generally yielded 12
one-way measurements of gravity difference between
the reference station and the network stations. The
measurements at each station were averaged to obtain
one observed gravity data point per day. Uncertain-
ties associated with these data average about
+10 uGal (1 computed standard error). Because the
uncertainty limits were computed from the data, they
include contributions from errors in gravimeter
calibration, tide correction, and drift removal, as well
as uncertainties in gravimeter readings caused by
high-frequency ground motion from numerous local
earthquakes.

The variation of gravity at four stations for the
period March 29-May 9, 1980, is shown in figure 109.
During this interval, gravity at Timberline remained
virtually constant within the limits of uncertainty.
The data for March 30 and April 1 at Windy Pass and
East Dome are highly uncertain because they are
based on a single loop made with only one gravi-
meter. Starting on April 2 the measured gravity at
both Windy Pass and East Dome increased until
April 7 and then decreased during the remainder of

the observation period. At Windy Pass the increase
amounted to 25 pGal and the decrease to 56 pGal,
while at East Dome a 31 uGal increase was followed
by a 34 uGal decrease.

Apparent short-term phenomena also were seen
during some surveys. While measuring at East Dome,
two of the authors (Dzurisin and Roberts) watched
the level bubbles on two gravimeters move in a man-
ner that suggested a short-term tilt event (down to
the east followed by down to the west) of roughly 100
urad magnitude. A summit eruption occurred dur-
ing the event. During another measurement at East
Dome, Pitts noted an apparent short-term gravity
change that accompanied a series of strong local
earthquakes. However, because the apparent change
(about 30 uGal over a 40-min period) was seen on
only one gravimeter (only one gravimeter was being
read at the time), it was not possible to determine
whether this represented a real gravity change or
simply rapid gravimeter drift caused by the shaking.
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Figure 109.—Temporal variations of gravity at four sta-
tions of the pre-May 18 gravity network; open circles,
observed gravity data; solid circles, gravity data corrected
for the effects of the north-flank bulge. Error bars repre-
sent +1 standard error. Error bars for April 17 data are
larger than others because battery failures caused this
survey to be terminated before two loops could be com-
pleted. Data for March 30 and April 1 at Windy Pass and
East Dome are highly uncertain because they are based on
a single loop made with only one gravimeter.
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INTERPRETATION OF THE
GRAVITY DATA

Recent studies of temporal gravity variations
during volcanic activity at other volcanoes have
shown that changes in the gravity field generally
reflect changes of elevation (Jachens and Eaton, 1980;
Dzurisin and others, 1980; Johnsen and others, 1980;
Torge and Kanngieser, 1980). Most gravity changes
and elevation changes at specific observation points
followed an approximate Bouguer relationship of
—2 uGal/cm, a relationship that is compatible with
deformation resulting from simple inflow and out-
flow of magma from a subsurface reservoir. Before
interpreting the Mount St. Helens results shown in
figure 109 in terms of a Bouguer relationship, how-
ever, the effects of large, nonlocal deformation and of
snow and ground-water distributions must be con-
sidered.

Examination of topographic maps of Mount St.
Helens constructed by photogrammetric techniques
from aerial photographs taken on August 15, 1979,
April 7 and 12, 1980, and May 1 and 12, 1980, re-
vealed that the summit region and part of the north
flank of the volcano were deforming rapidly during
the period covered by the gravity observations
(Moore and Albee, this volume). The deformation
had two main components. The largest consisted of
northward and possibly upward displacement of a
large area (approximately 1.5% 2.5 km) on the north
flank, accompanied by subsidence in a graben near
the summit. The rapid displacement of the north
flank later was confirmed and more precisely defined
by ground-based geodetic measurements (Lipman,
Moore, and Swanson, this volume). This deforma-
tion has been interpreted as resulting from the
emplacement of magma high within the volcano’s
edifice (Moore and Albee, this volume; Lipman,
Moore, and Swanson, this volume). The second com-
ponent consisted of the formation of two summit
craters that eventually coalesced into one. These
craters were formed by explosive eruptions in the
summit region. A preliminary estimate by Moore and
Albee suggested that the volume of the mountain
showed a net increase of 0.11 km*® between August
15, 1979, and May 12, 1980, despite the formation of
the craters.

The redistribution of mass within and below
Mount St. Helens implied by the deformation studies
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must have affected the gravity field over the moun-
tain. Because mass was being added at an elevation
higher than the gravity stations during the observa-
tion period, the effect should have been to decrease
gravity. The magnitudes of the gravity changes at
Timberline, Windy Pass, and East Dome that accom-
panied the bulging of the north flank were estimated
by direct calculation from the successive topographic
maps. For the region below the 8,800-ft contour
where deformation was relatively simple, the gravity
effect of the bulge alone was calculated. The position
and magnitude of the bulge at various times were de-
termined by measuring differences between the topo-
graphic map of August 15, 1979, and those of 1980.
The growth of the bulge is shown in figure 70 (Moore
and Albee, this volume). For the region above the
8,800-ft contour where the pattern of deformation
was complex, the gravity effect of the entire moun-
tain top was computed from each of the five topo-
graphic maps and the calculated gravity changes
determined by comparing the computed values corre-
sponding to various different times. A constant dens-
ity (o= 2.3 g/cm?®) was assumed for all calculations.

These calculations indicate that between April 7
and May 12, 1980, deformation high on the mountain
should have caused the gravity to decrease almost
uniformly with a rate of 1.0 uGal/day at Timberline
and Windy Pass and a rate of 0.5 uGal/day at East
Dome. The calculated rates probably represent mini-
mum estimates, because of difficulty in identifying
areas of low-amplitude deformation from topo-
graphic maps with 80-ft contours and because some
material removed from the summit crater was ice
with a density substantially lower than the assumed
density of 2.3 g/cm?®.

The observed gravity data were corrected for the
effects of known mass movement by using the calcu-
lated deformation rates and extrapolating backward
in time to the start of the gravity surveys (fig. 109).
Changes in these corrected data between the begin-
ning and end of the observation periods at the three
stations are slightly positive, with a maximum of
about 20 uGal seen at Timberline. Considering the
uncertainties associated with the gravity data and the
additional uncertainties associated with the estima-
tion of the gravity effect of the north-flank bulge, the
total gravity changes measured at Windy Pass and
East Dome can be almost fully explained by the
growth of the north-flank bulge.



Another process that affected the gravity field
during the measurements was the redistribution of
mass by melting of snow and movement of ground
water. No direct information is available on water-
table fluctuations in the vicinity of any of the gravity
stations. The snow pack, however, did vary with
location and time. No snow was present at the refer-
ence station at any time during the surveys, and wind
prevented any significant accumulation of snow on
East Dome. The Windy Pass station also was kept
clear of snow by wind, but an estimated 0.3-0.6 m of
snow was present on nearby slopes during April. A
snow pack at least 1.5 m thick was present at Timber-
line until mid-April. By May 9, snow was almost
completely gone at all stations. Because the initial
snow pack was thickest at Timberline and the slope of
the land surface near Timberline was gentler than that
near the other stations, the gravity change due to
snow and ground-water redistribution probably was
largest at Timberline. If, during the melting process,
the total snow mass above ground at Timberline
moved into the ground, the gravity increase would
have amounted to 7-8 uGal. The gravity increase
could have been slightly larger if the ground water
beneath the station was supplemented by contribu-
tions from melting snow higher on the mountain.
Thus, inclusion of the effects of snow and ground-
water variations probably would decrease the total
gravity changes at Windy Pass and East Dome by a

few puGals and reduce the increase at Timberline to

about 10-15 pGal.

Therefore, after eliminating the estimated effects of
growth of the north-flank bulge and of snow and
ground-water variations, the total calculated gravity
changes at the three stations are small (<20 uGal)
and probably are not significant in light of uncertain-
ties associated with both the gravity data and the
estimates of the perturbing influences. Such small
changes are surprising because they imply, according
to the Bouguer relationship between gravity change
and elevation change (—2 uGal/cm), that any net
vertical displacements of the three stations over the
observation interval were less than 10 cm, even
though only 2-3 km away, more than 100 m of hori-
zontal displacement took place during the same
period (Lipman, Moore, and Swanson, this volume).
The implications of the absence of measurable verti-
cal displacement at the three gravity stations will be
examined in the next section.

DISCUSSION AND CONCLUSIONS

Studies of deformation patterns on active volca-
noes in Hawaii (Fiske and Kinoshita, 1969), Japan
(Mogi, 1958; Yokoyama, 1974) and Iceland (Johnsen
and others, 1980) have revealed the existence of
shallow magma reservoirs beneath the volcanoes.
Calculations based on models of localized sources of
variable pressure at depths of 2-3 km generally show
good agreement with the observed deformation pat-
terns, although in the case of Sakurazima Volcano
(Mogi, 1958) a source depth of 10 km seemed to fit
the observed data best. In contrast, at Mount St.
Helens the most pronounced deformation prior to
May 18 seemed to be associated with emplacement of
magma (probably with a density similar to that of the
surrounding material) at a depth of less than 1 km
beneath the mountain’s north flank (Moore and
Albee, this volume). Because, as indicated by the
photogrammetric observations and geodetic measure-
ments, the localized deformation probably did not ex-
tend as far as the gravity stations, the gravity obser-
vations cannot contribute much new information
about it. However, the gravity measurements can
help set limits on the location of the deeper source
region that supplied magma to the shallow intrusion.

Deformation associated with the transfer of magma
from a reservoir beneath Mount St. Helens to the
region beneath the north flank was considered by
computing the vertical displacements at the gravity
stations that would have been caused by a localized
volume decrease at various depths beneath the moun-
tain. The localized volume decrease could be due to
partial emptying of either a small isolated magma
reservoir or a localized region of a large reservoir.

The vertical displacements were estimated from the
formula of Walsh (1975),

AV c
h=<— 1-») o (1)

where h represents the vertical displacement at the
surface due to a volume change in a small region
buried in a homogeneous, isotropic, elastic half-
space. In this formula AV is the volume change, » is
Poisson’s ratio, c is the depth to the source, and r is
the horizontal distance from the observation point to
the point directly above the source. For these calcula-
tions, the source was placed directly beneath the
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former summit of the volcano, a position that is sug-
gested by the positions of the lava domes that have
formed following the May 18 eruption (Moore and
others, this volume) and by the distribution of seis-
micity beneath the mountain both before and after
the May 18 eruption (Endo and others, this volume).
Displacing the source 1 km northward, in better
agreement with the seismicity distribution, causes
only slight increases in the calculated displacements at
Windy Pass and Timberline. The magnitude of the
volume decrease at depth was assumed equal to
0.13 km?, and a Poisson'’s ratio of 0.25 was used. The
assumed volume decrease at depth is 0.01 km? larger
than the net volume increase of the mountain esti-
mated by Moore and Albee because their estimate in-
cludes a -0.01 km?® contribution from the formation
of the summit crater, a contribution that would not
reflect the volume change at depth.

The calculated changes of elevation at the gravity
stations for various source depths from 1-20 km are
given in table 8. These displacements have been ad-
justed according to the growth history of the bulge
(Moore and Albee, this volume) and represent only
those that should have occurred during the intervals
covered by the gravity observations. Comparing the
results in this table with the inferred net elevation
changes of less than 10 cm at all three stations sug-
gests that the source region, depleted during the
growth of the bulge, should lie deeper than 7 km and
probably deeper than 10 km.

Table 8.—Subsidence, relative to the base station, calcu-
lated using various magma source depths

[Station Timberline: based on data collected March 29-May 9, 1980; sta-
tions Windy Pass and East Dome: based on data collected April 2-May 9]

Subsidence (cm)*

Hypothesized
source depth Timberline Windy Pass East Dome
(km)
1 33 35 64
2 50 52 83
3 52 51 73
5 39 36 43
7 26 23 26
10 14 12 13
15 6 5 5
20 3 3 3

*A refined estimate of the net volume change of the
mountain (Moore and Albee, this volume) suggests that all
displacements in this table should be decreased by
approximately 8 percent.
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A deep source region would not be in conflict with
the results from geodimeter measurements taken be-
tween East Dome station and Smith Creek Butte,
8 km to the east, and by the interpretation of heat-
flow measurements made near Mount St. Helens. The
geodimeter measurements, first made in 1973 and re-
peated during the period leading up to May 18,
showed no change in the distance between the two
sites that was larger than the estimated uncertainty of
+2.5cm (Lipman, Moore, and Swanson, this
volume). Depletion of a source at 7 km or shallower
should have caused a change in this distance of more
than 3 cm, greater than the limit of the uncertainty.
Additional support for a deep source comes from
heat-flow data, which have been interpreted to indi-
cate that no large, shallow magma chamber exists be-
neath Mount St. Helens above about 10 km (Black-
well and others, 1980).

The gravity results do not completely rule out the
possibility of a magma reservoir at shallow depth
beneath Mount St. Helens. The absence of measur-
able vertical displacements could be the result of
uplift (associated with the north-flank bulge) that
almost cancelled subsidence (associated with deple-
tion of a deeper reservoir) at all three stations. This
seems unlikely, however, because the ground-based
geodetic measurements indicated that displacements
on the lower parts of the bulge (at elevations roughly
comparable to the station elevations) were predomi-
nantly horizontal with a slight downward component
(Lipman, Moore, and Swanson, this volume). Alter-
natively, a shallow reservoir could have supplied
some of the magma to the north-flank intrusion pro-
vided that the shallow reservoir, in turn, was resup-
plied from a source at greater depth. Finally, the
magma could have come from a shallow reservoir of
large areal extent rather than the localized reservoir
assumed for the calculations. However, the heat-flow
results (Blackwell and others, 1980) argue against this
possibility.

POST-MAY 18 STUDIES

A new network of gravity stations was established
on and around Mount St. Helens following the catas-
trophic eruption of May 18 (fig. 108). Gravity at
some stations was measured during surveys on
June 12-18, and remeasured at the expanded network
during surveys on July 28-August 1 and Septem-



ber 14-17. Most stations of the new network are at
geodimeter-instrument or reflector sites. The refer-
ence station is at Pearson Air Park, Vancouver,
Wash., which is, in turn, tied to a station at Rocky
Butte in Portland, Oreg., and to the U.S. National
Gravity Base Net (Schwimmer and Rice, 1969).

Most of the gravity changes measured so far are
smaller than 15 pGal and show no consistent pat-
tern. Large changes (40-60 uGal) have been
measured at two stations high on the south and
southeast flank of the volcano but various tests of
data consistency indicate that these changes probably
reflect local site instability or inaccurate readings
rather than actual gravity changes in this region. We
plan to resurvey this network at 1-3-mo intervals in
order to monitor any future deformation of the volca-
no and to better define the location of the source
region.
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THE 1980 ERUPTIONS OF MOUNT ST. HELENS, WASHINGTON

VOLCANOMAGNETIC OBSERVATIONS DURING ERUPTIONS,
MAY-AUGUST 1980

By M. ]. S. JOHNSTON, R. J. MUELLER, and JOHN DVORAK

ABSTRACT

Three recording magnetometers of 0.25 nT (nanotesla) sensitiv-
ity were installed on Mount St. Helens 10 days before its
catastrophic May 18 eruption. Two units were lost in this erup-
tion. The third, located about 5 km to the west of the main crater,
continued to operate through two subsequent eruptions at a
recorded rate of once every 10 min. By referencing these data to
other synchronized data at Victoria, Canada, and from a record-
ing magnetometer array in California, magnetic field transients
exceeding 10 nT can be identified at the times of three major erup-
tions. Precursive activity may have occurred prior to the May 25
and June 12 eruptions. No precursive transients are apparent in the
data in the few hours before the May 18 eruption, but a positive
offset of 9 + 2 nT occurred during this eruption. This offset is more
easily explained by elastic strain release than as a result of the
removal of 2.5 km® of magnetic material during the May 18
eruption.

INTRODUCTION

The increase in seismic and volcanic activity from
March-August 1980, offered the first opportunity in
the continental United States for a definitive deter-
mination of rapid magnetic changes associated with
volcanic activity. Transient magnetic anomalies have
been observed on a number of volcanoes throughout
the world, but many details remain unclear. The best
studies have been made on Oshima volcano in Japan
(Rikitake, 1951), Ruapehu and Ngaurahoe volcanoes
in New Zealand (Johnston and Stacey, 1969a, 1969b),

Kilauea volcano in Hawaii (Davis and others, 1979)
and La Soufriére volcano in the Caribbean (Pozzi and
others, 1979).

Three proton magnetometers, each with a 0.25 nT
(nanotesla) sensitivity, were installed on Mount St.
Helens on May 8 at sites on the northeast (SHN), east
(SHE), and west (SHW) sides of the mountain
(fig. 110). The instruments sampled synchronously
once every 10 min and data were recorded with on-
site digital printers.

Unfortunately, two of the magnetometers, at sta-
tions SHN and SHE, were lost in the May 18 erup-
tion. As indicated in figure 110, both sites were
covered by ash and mudflows. The magnetometers
(and records up to the time of the site destruction)
may have survived intact due to the solid and sealed
construction of the instrument case, but neither unit
has yet been found.

The amplitudes and spatial scales of magnetic ef-
fects of volcanic origin are difficult to ascertain with
the records from only the one magnetometer at SHW
during the May 18, and subsequent large eruptions on
May 25 and June 12. Some discrimination against
broad-scale magnetospheric disturbances is possible
by referencing to the nearest synchronized magne-
tometers at the Victoria Geomagnetic Observatory
(VIC) or to the most northern USGS proton magne-
tometer stations BLM and MTH (fig. 110) near San
Francisco. The measurement precision that can be ob-
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Figure 110. —Locations of proton magnetometer and tiltmeter stations discussed in this report. A, Proton magnetometer
stations installed on Mount St. Helens prior to May 18 eruption (triangles) and recording tiltmeter stations installed
before and after eruption (solid dots). B, Large-scale map shows locations of permanent recording magnetometer stations
(triangles) in Canada, Washington, Oregon, and California used in this study.

tained for the VIC-SHW station pair is about 5 nT for
hourly means. For the BLM-SHW station pair it is
about 8 nT.

By a remarkable coincidence, a recording proton
magnetometer was operated at the Portland airport
by Carson Geoscience Co. for a few hours before and

after the May 18 eruption. Because the airport is only
80 km from the volcano, the measurement precision

for determination of changes during the eruption is
less than 2 nT.

The purpose of this report is to present the
magnetic observations at SHW during three mag-
matic eruptions from Mount St. Helens and to discuss
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the implications that these data have for physical
processes that occur during an eruption sequence of
this scale.

MAGNETIC OBSERVATIONS

Figure 111 shows comparative difference plots using
similar 280-km baselines and time spans for stations
VIC and SHW and a station pair in California, BLM
and GDH. The VIC-SHW difference should show any
volcanomagnetic effects generated by eruptions of
Mount St. Helens whereas the BLM-GDH difference



should not. Although BLM and GDH are at a slightly
lower geomagnetic latitude than VIC and SHW, these
data indicate a measurement resolution (standard
deviation of hourly means) for a 280-km station
separation of 4.2 nT. The standard deviation of hour
averages during times when the mountain was not
erupting was 4.8 nT for the VIC-SHW difference and
8.2 nT for the BLM-SHW difference.

The occurrence times of the three major eruptions
on May 18 at 0832 PDT (1532 UTC), on May 25 at
0232 PDT (0932 UTC), and on June 12 at 2110 PDT
(June 13 at 0410 UTC) are also shown in figure 111.
Many minor eruptions occurred also during this
period. However, the total energy release for the
three major events, particularly the one on May 18,
dominates the record of energy release for any of the
other eruptions. If volcano-related effects occurred,
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Figure 111.—Comparative plots for the same 280-km
baseline of magnetic-field differences between stations VIC
and SHW and stations BLM and GDH. Occurrence times
(in UTC) of major eruptions on May 18, May 25, and June
12 are indicated by arrows.

therefore, they should be most clear for these three
events.

The main features of the data are-as follows:

1. Generally greater variability in the VIC-SHW
record, particularly at times of the May 25 and
June 12 eruptions.

2. An increase in magnetic field at SHW during the
May 18 eruption of 9+ 2 nT as indicated by the
decreased daily means of the VIC-SHW differ-
ence. We note that because the ambient field at
VIC is greater than that at SHW, an increase at
SHW will decrease the difference (VIC-SHW).

3. Transient variations apparently associated with
the May 25 and June 12 eruptions exceeding
50 nT. These are comparable with, and have
time scales similar to, records from eruptions of
New Zealand volcanoes (Johnston and Stacey,
1969a, 1969b).

Of particular interest is the question of whether
magnetic changes preceded these eruptions, as ap-
parently happened for eruptions from New Zealand
volcanoes. Figure 112 shows the individual 10-min
differences, together with their standard deviations,
between SHW and the station PTM magnetometer
operated by Carson Geoscience Co. at the Portland
airport on the morning of the May 18 eruption. It is
evident that no short-term precursor occurred up to
the point 2 min before this eruption at 1532 UTC.
Because the eruption was probably triggered by land-
sliding of the volcano’s bulging north face, this result
is perhaps not surprising.

The first indications of positive field offset are
apparent right after the beginning of the eruption
(fig. 112). Superimposed on this offset are cyclic
variations having amplitudes of about 5 nT. Because
these variations are evident also in the total-field
record at PTM but with different amplitude, they
probably resulted from shock-wave perturbation of
the ionosphere.

During the May 25 and June 12 events, the records
are less clear because we have no reference magne-
tometer at the Portland airport to reduce normal
geomagnetic disturbances below the 2-nT level.
Figure 113A shows 2 days of individual 10-min dif-
ferences between station VIC and SHW around the
time of the May 25 eruption. Some indication of dis-
turbed magnetic field at SHW is evident for several
hours before the eruption. The most dominant
feature of the record, however, is the amplitude of the
field fluctuations that occurred after the eruption.
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These exceeded 50 nT in amplitude and probably
resulted in part from eruptive shock-wave effects on
the ionosphere, as large perturbations are evident in
the total-intensity records at VIC and the Newport
Geomagnetic Observatory (NP) in western Washing-
ton. However, similar perturbations are not apparent
in the total-field records on the 28 recording
magnetometers in California from 800-1,600 km to
the south.

After about 12 hr, the field returned approximately
to its preeruptive value and no net offset is apparent
above the measurement error. Because the energy
dissipated by this eruption was from two to four
orders of magnitude less than that for the May 18
eruption and was of different form, an offset of com-
parable amplitude should not be expected.

An expanded time scale around the time of the
June 12 eruption is shown in figure 113B. Pronounced
disturbance is apparent in this record near the time of
this eruption. Even larger disturbances (>50 nT)
occurred during the few days prior to the eruption
(fig. 111).

The total-intensity record from station BLM
(fig. 114) shows no large perturbations at the times of
each eruption, but some minor variations are ap-
parent on May 25 and perhaps also in early May and
early June. The shock wave from the relatively small
May 25 eruption would appear therefore to have
been more efficient at producing an ionospheric per-
turbation than that from the other eruptions. The
May 25 perturbation is apparent in records of other
recording magnetometers located out to at least
1,000 km from the mountain.

DISCUSSION

We have made some general investigations of the
possible physical mechanisms that might have con-
tributed to these records. Thermal-diffusion effects
can be ruled out because the process is too slow. Mag-
netogasdynamic (MGD) effects certainly occurred
within the eruption clouds. For gas velocities of as
much as 100 m/s and using reasonable estimates of
pressure, density, and charge density of hot ionized
air, resulting magnetic and electric field perturbations
in excess of 300 nT and 2000 V/m, respectively, could
have occurred within the cloud (Shercliffe, 1965).
Lightning was observed both within the eruption
cloud and from the cloud to ground. However, there
are two reasons why these effects are an unlikely ex-
planation for the main features of the magnetic
record. Firstly, the MGD effects from a turbulent gas
cell within the eruption cloud would fall off at least as
the inverse square of distance or more probably, as
the inverse cube of distance. To be observable at
distances in excess of 5 km, the source fields would
need to be at least several orders of magnitude larger
than the values calculated. Secondly, these MGD ef-
fects would be apparent as high-frequency transients
(> 1 Hz) and would cause random scatter in the data.
Inspection of figure 112 indicates that, during the
eruption period, sequential 10-min samples differ
only slightly, and many do not deviate from the pre-
ceding sample by more than one standard deviation
(2nT).

Four possible causal mechanisms remain: removal

of magnetic material, electric currents, stress-
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magnetic or piezomagnetic effects and interaction
between the eruptive shock wave and the Earth's
ionosphere. The first process can only be relevant for
the May 18 eruption when 2.5 km? of material was
removed from the mountain (Moore and Albee, this
volume) and for which a clear offset was observed.
Assuming all of this material was cool enough to
have a normal magnetization of 0.5 ampere/m (as in-
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Figure 114.—Total-intensity plots from Mount St. Helens
(SHW), Victoria (VIC), and Black Mountain (BLM) during
May and June 1980. Time scale is in UTC.

dicated by our later surface samples of this material),
a simple spherical model of the removed material in-
dicates that an anomaly of 8 nT could have been
generated by the May 18 eruption. However, the off-
set expected at SHW as a result of the removal of
material is negative, whereas the offset observed was
positive. Because the regional magnetic anomaly at
Mount St. Helens (U.S. Geological Survey, unpub.
mapping, 1975) can be fitted most easily with a
distribution of normally magnetized material, appeal-
ing to the occurrence of reverse magnetization in the
removed material is unreasonable. The only real op-
tion for a mass-removal explanation is to appeal to an
unknown, complex magnetization distribution whose
interaction was such that the field at SHW changed in
a positive sense when mass was removed during the
formation of the new crater.

Given the observed magnetic data, we find it hard
to propose a realistic physical source of substantial
electric currents within the volcano. The offset
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following May 18 could not have been caused by elec-
trical currents, but some of the rapid transients may
have been. Good physical models that identify the
form and likely amplitudes of electric current systems
during volcanic eruptions have yet to be developed.
So, although electric current systems may have been
generated, we cannot estimate their importance.

Because the stress state of the mountain changed
during these eruptions, piezomagnetic effects should
have occurred. The magnitudes of the effects ex-
pected can easily be calculated from various models
(Stacey and others, 1965), provided reasonable
assumptions can be made regarding change in stress
state and magnetization. An anomaly with the cor-
rect amplitude and sense can be generated by a
piezomagnetic model of the volcano in which we
have either a spherical or a cylindrical (Yukutake and
Tachinaka, 1967) pressure source of about 1 km in
diameter. In order to get the correct magnitude and to
not violate the surface observations of tilt and
displacement, it is necessary that the source extend to
at least 5 km. At this depth the pressure release at the
time of the May 18 eruption would be of the order of
1 kbar.

Interaction between the eruptive shock waves and
the ionosphere can be easily demonstrated by the
total-intensity records at PTM, VIC, NP, and stations
in California. It does seem that the effects were dif-
ferent for the different eruptions and were quite
significant out to distances of a few hundred
kilometers from Mount St. Helens. Figure 114 shows
the extremely disturbed field at VIC following the
May 25 eruption and also the disturbance preceding
and following the June 12 event. Data for NP in
eastern Washington (fig. 110) show similar disturb-
ances after the May 25 and June 12 events. Curiously,
no really significant disturbance occurred at the time
of the May 18 eruption.

The total-intensity records that were taken almost
continuously at the Portland airport (PTM), which is
at a distance of 80 km from Mount St. Helens, by
Carson Geoscience Co. show no disturbance until
about 13 min after the eruption initiation. This would
be quite consistent with the time required for an erup-
tion shock wave, traveling at about 250 m/s, to reach
the E-region of the ionosphere. The maximum initial
disturbance from the shock wave would be about
20 nT. This would rapidly become lost within the
normal diurnal or Sq variation which -occurred at
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most western stations about 1000 local time. At a
propagation velocity of several hundred meters per
second, the time of arrival of a propagating wave at
most western magnetometers is just at the onset time
of the S variations.

CONCLUSIONS

Magnetic transients occurred at the times of three
major eruptions from Mount St. Helens. Some pre-
cursive activity may have occurred prior to the
May 25 and June 12 eruptions, but no activity is ap-
parent in the few hours before the catastrophic
May 18 eruption. This would be consistent with the
prevailing view that the eruption was landslide
triggered. The 10-day record prior to this eruption
may be too short to identify any longer term precur-

sors, if they occurred.

An offset of 9+ 2 nT occurred during the first 12 hr
following the May 18 eruption. This is most easily ex-
plained as the result of a release of stress during the
eruption. To explain the offset by mass removal re-
quires a complex magnetization distribution that
somehow reverses the sign of the expected field
anomaly when 2.5 km?® of material is removed from
the volcano. Reverse magnetization of the removed
material is not consistent with a regional magnetic
anomaly map.

The shock waves from the eruptions produced ion-
ospheric perturbations, apparently of different form
for different eruptions. These perturbations were ap-
parent in magnetic records at points out to several
hundred kilometers from Mount St. Helens. The
amplitudes of these perturbations are about 20 nT at
Portland for the May 18 eruption; at greater distances
from the mountain these are correspondingly smaller
and cannot be uniquely separated from the onset of
the Sq variation.
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GAS STUDIES

Until recently, volcanic gases have been frustrat-
ingly difficult to study quantitatively or to use for
monitoring of activity. Major gas vents on volcanoes
are often too inaccessible or dangerous to approach
for ground sampling, and gas samples from smaller
vents commonly contain so much intermixed atmos-
pheric air and water vapor of meteoric origin that
concentrations of probable magmatic components
such as sulfur, carbon, and hydrogen have been diffi-
cult to determine. Furthermore, many components of
volcanic gases are unstable and tend to react to form
new compounds; falling temperature and pressure,
even during the collection process, complicate iden-
tification of equilibrium volcanic assemblages.

In the last few years, much progress has been made
using airborne and ground remote-sensing techniques
for measuring volcanic gases. A correlation spec-
trometer (COSPEC), originally designed to monitor
industrial pollutants, has been successfully used for
remote monitoring of volcanic SO, emission at
several volcanoes, especially by Richard Stoiber and
associates of Dartmouth College. A recording
hydrogen probe, which is essentially a small fuel cell
that generates electricity in proportion to the amount
of hydrogen available to combine with air, has been
operated at Kilauea Volcano in Hawaii since 1973 by
Motoaki Sato of the USGS. Finally, an airborne
technique to measure CO, in volcanic gas plumes,
developed by Sato and David Harris, was success-
fully used for the first time at Mount St. Helens in
1980.

These ground and airborne techniques, while still
partly experimental, have already produced data on
compositions and rates of volcanic gas emissions
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from Mount St. Helens. Before May 18, emissions of
SO, were low, near limits of COSPEC detectability,
despite seismic and geodetic evidence for a shallow
cryptodome within the volcano; either the cryp-
todome was too well sealed for abundant gases to
escape or hydrothermal fluids absorbed most avail-
able sulfur gases during this period (Casadevall and
others). Sulfur:chloride ratios in ash leachates, which
provide an indirect method of monitoring gas emis-
sion, indicated a gradual increase during this period,
although no abrupt changes occurred before the May
18 eruption (Nehring and Johnston). SO, plume emis-
sions increased by an order of magnitude after May
18, as shown by airborne COSPEC measurements,
and increased markedly again in early June, prior to
the June 12 eruption. These increases probably reflect
decreasing depth and less effective sealing of the
dacitic magma body. After the June 12 eruption, SO,
levels remained at high levels but decreased overall
during the rest of the year.

Airborne monitoring of CO, in the plume, begun in
early July, documented a total flux greater than that
of SO, and a similar general pattern of overall
decreased emission later in 1980 (Harris, Sato, and
others). Pyroclastic magmatic eruptions on July 22,
August 7, and October 16-18 appear to have been
preceded by several days of significantly decreased
CO, emissions, a pattern that may help anticipate
future explosive eruptions. The total amounts of both
CO, and SO; released to the atmosphere in 1980 ex-
ceed by several times amounts of these gases that
could have been derived from the volumes of magma
erupted during the monitoring period. Much of the
gas appears to have emanated from unerupted
magma within the volcano.

Hydrogen concentration in the ground at a site on
the south flank of Mount St. Helens, relative to the



local atmospheric concentration, has varied comp-
lexly since measurements began in July (Sato and
McGee). Smooth diurnal variations are probably
related to daily reversals of orographic winds. Irregu-
lar short-period increases are tentatively interpreted
as reflecting seismically triggered emission of
magmatic H,. Changes in average daily concentra-
tions are thought to reflect mainly varying concentra-
tions in the atmosphere from the gas plume; some
such changes may have preceded by several days the
magmatic eruptions in August and October, as well
as several prominent gas-emission events and epi-
sodes of volcanic tremor.

Although these remote techniques have thus had
some success in relating gas abundances to volcanic
activity, direct sampling of fumaroles remains the
best way to inventory the range of gas species and to
sample for isotopic analyses. Analyses of fumarole
samples from the crater indicate that sulfur is released
from the magma mainly as H,S and oxidizes to SO, as
it cools in the plume (Casadevall and Greenland).
High concentration of air and water vapor in fuma-
roles from the flowage deposits confirms that entrain-
ment and heating of nonmagmatic gases contribute to
the mobility of pyroclastic flows. Study of encrusta-
tions at fumaroles indicates that sublimate
mineralogy reflects fumarole temperature and subse-
quent cooling and hydration history (Keith and
others). Isotopic analyses of carbon, oxygen, and
hydrogen from fumarolic gases and thermal waters
show large deviations from surficial meteoric and
organic compositions (Barnes and others; Evans and
others). These data demonstrate major volatile con-
tributions from high-temperature environments,
probably in part directly from the magma and in part
from interactions between ground water and heated

rocks.
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ABSTRACT

Emission rates of SO, were determined by ground-based and
airborne correlation spectrometry beginning March 29. SO, emis-
sion rates of 0-40 t/day (metric tons per day) were measured in
the period of phreatic eruptions from March 29 to May 14. From
May 25 to June 3, the emission rate of SO, was 130-260 t/day,
but the rate increased abruptly to 1,000 t/day on June 6 and re-
mained at about this level (range 500-3,400) through December.
In general, from July to December, the emissions during times of
nonexplosive eruptive activity accounted for the majority of the
total gas released. The magma body required to account for this
emission is at least 0.3 km?® in volume. A slight but consistent
decrease in average daily SO, flux occurred from July through
December. This decrease correlates with similar CO, changes
(Harris, Sato, and others, this volume). Further interpretations of
the gas data await more observational experience, data on other
gases, and continued comparison with other measurements made
at the volcano.

INTRODUCTION

Since the resumption of volcanic activity at Mount
St. Helens in late March 1980, study of gas emissions
has been an integral part of the USGS monitoring
program. The goal of the gas-studies program is to
characterize the chemistry and daily flux of the major
gaseous emissions of Mount St. Helens, to provide in-
formation about the degassing of the subsurface
magma body, and, eventually, to provide advance

warning of volcanic eruptions. A basic requirement
for monitoring studies is that samples be collected or
measurements be made as regularly as possible, so
that comparisons can be made with other monitoring
techniques such as deformation, seismicity, and field
observations of activity. Only by such routine meas-
urements can we hope to interpret the variety of
changes observed in the data.

Field and laboratory studies of gases from
fumaroles in the crater and in the plume emanating
from the crater indicate that H,O, CO,, CO, SO,,
H,S, and HCl are the major constituents of the
volcanic-gas emissions (Casadevall and Greenland,
this volume; Evans and others, this volume). SO, is
the major sulfur gas detected in the plume, and H,S
makes up about 10-20 percent of the total sulfur gas
in the plume during times of nonexplosive gas emis-
sions (Hobbs and others, 1981).

Measurements of SO, emission rates have been
made at other active volcanoes since 1972 (Stoiber
and Jepsen, 1973; Okita and Shimozuru, 1975; Haulet
and others, 1977; Malinconico, 1979). At Mount
Etna, Malinconico (1979) observed large increases in
the rate of SO, emission before each of two Strom-

IMichigan Technological University, Houghton, Mich. 49931.
2Dartmouth College, Hanover, N. H. 03755.
3University of Wisconsin, Madison, Wis. 53706.
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bolian eruptions in 1977. An earlier study of gas
emissions at Asama volcano, Japan, showed that the
emissions of sulfur gases increased prior to explosive
eruptive activity (Noguchi and Kamiya, 1963). These
studies suggest that increases in SO, emission rates
may precede eruptive activity at other volcanoes.

Using available instrumentation, SO, and CO,
have been measured within the plume at Mount St.
Helens during times of nonexplosive activity. This
report describes the technique used in making the SO,
measurements, the results for several periods of ob-
servation, and the preliminary interpretation of the
data and its applicability to forecasting eruptive
activity.
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SOURCE OF EMISSIONS

Prior to March 27, 1980, only two sources of ther-
mal activity and possible gas emission were known on
Mount St. Helens. An area of weak fumarolic activity
(temperature 88°C) occurred at The Boot at 2,740 m
elevation on the north flank (Phillips, 1941). A
second thermal area (temperature 89°C) was at ap-
proximately 2,740 m elevation on the southwest flank
of the volcano (Friedman and Frank, 1977). Neither
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area showed signs of unusual gas emissions, fuma-
rolic encrustations, or elevated temperature prior to
their destruction on May 18. David Johnston sampled
gases from The Boot on May 17, but these samples
were lost with him on May 18.

The first phreatic eruption of March 27 produced a
small crater at the summit of Mount St. Helens. This
crater was the only significant source of gas emissions
prior to the eruption of May 18. The crater had no
visible plume during most of the time from March 27
to May 18. When the plume was present, its color
varied from gray or black, when its ash content was
high, to white, when it was ash free and composed
largely of steam. Eruptions of these plumes usually
lasted from a few tens of seconds to as long as several
hours. From April 22 to May 7, the volcano produced
no eruption plumes.

A blue flame, first observed in the crater by
Johnston during the night of March 29, was reported
by other aerial observers through early April. Despite
Johnston’s persistent attempts, the chemistry of the
flame was never positively identified. However, the
presence of the flame is evidence that degassing was
indeed taking place in the crater even in the so-called
quiet times between phreatic eruptions.

Since the eruption of May 18, the principal source
of gas emissions has been from fumaroles within the
crater (Casadevall and Greenland, this volume).
Since June 15, fumaroles on the successive domes and
around their margins have been the principal source
of gas emissions. Gas emissions from the crater dur-
ing nonexplosive (nonpyroclastic) eruptive activity
typically form whitish puffs that rise from the crater
floor at velocities of several meters per second to
several tens of meters per second, and rise above the
crater rim at an altitude of 2,600 m. The direction of
plume movement and the shape and rate of dispersion
of the plume downwind are strongly dependent on
the direction and velocity of the wind. At low wind
speeds (less than 5 knots) the plume tends to be
thicker and wider than during high wind speeds
(more than 15 knots). The plumes typically carry no
ash but contain aerosols of H,SO, in addition to
steam and other gases (Woods and Chuan, 1980). In
September 1980, temperatures in plumes 3-5 km
downwind of the volcano were measured at
15° +£1°C, approximately that of the ambient air ad-
jacent to the plume. Explosive activity, such as oc-
curred on May 18, May 25, June 12, July 22, Au-
gust 7, and October 16-18, produced opaque erup-



tion plumes high in ash content (Rowley and others,
this volume) that penetrated the tropopause, at
12-14 km elevation, for periods of time ranging from
minutes to hours (Harris, Rose, and others, this
volume). During these explosive eruptions, tephra
and gases were injected directly into the stratosphere
(Inn and others, 1980).

METHODS AND UNCERTAINTIES

The emissions of SO, from Mount St. Helens have
been measured using a correlation spectrometer
(COSPEC), which was designed for use in pollution
studies (Millan and others, 1976), and which has been
successfully applied to volcanic-gas studies (Stoiber
and Jepsen, 1973; Okita and Shimozuru, 1975; Malin-
conico, 1979). Correlation spectrometry is a remote-
sensing method that uses solar ultraviolet light scat-
tered by the Earth’s atmosphere as a source. The
spectrally tuned instrument measures the amount of
ultraviolet absorption by SO, present along the opti-
cal path through the plume, in units of concentration-
pathlength (ppm-m) at 1 atm (atmosphere). Calibra-
tion is performed by use of an internal standard con-
sisting of a fused-quartz gas cell with a known
concentration-pathlength of SO,.

At Mount St. Helens, most measurements have
been made from a low-wing, twin-engine aircraft
aided by U.S. Federal Aviation Administration (FAA)
radar for precise location determination. Prior to
May 18, some measurements were also made from the
ground or from a helicopter. The customary pro-
cedure for measuring SO, was to make from three to
six traverses below the plume, at right angles to the
plume trajectory, in order to determine the concen-
tration-pathlength of SO, within a cross section of the
plume (fig. 115). The product of the concentration-
pathlength, the plume velocity, and the plume width
is the SO, emission rate, normally reported as metric
tons per day. The time required for measurements is
1-2 hr each day. On July 6, we began to measure CO,
as well as SO, emission rates during the same flights
(Harris, Sato, and others, this volume). From March
29 to late July, measurements were attempted every
2-3 days, whenever weather conditions permitted.

Excellent flying conditions in August made possible
almost daily measurements of the plume. Daily meas-
urements give noticeably better resolution and allow
more confidence in recognizing and interpreting
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Figure 115.—Diagrams showing flight patterns used while
making airbome measurements of gas emissions from
Mount St. Helens. A, To measure SO,, aircraft flies below
plume with wvertically aimed correlation spectrometer

(COSPEC). B, To measure CQ,, aircraft flies under,
through, and above plume to obtain a concentration pro-
file of a plume cross section.

trends and anomalies in the data.

The emission rate of SO, reported each day
incorporates uncertainties due to instrumental factors
and variations due to natural causes. These include: -

1. Real variation in gas emissions. Field observations
have indicated the pulsating nature of gas emis-
sions. Also, explosions of short duration (tens to
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hundreds of seconds), low in ash, release greater
than average amounts of gas to the atmosphere.

2. Variation in plume velocity.

3. Changes in conditions of cloud cover obscuring
part of the plume.

4. Opacity of the plume due to incorporation of ash,
either eruptive or windblown.

Uncertainties in the SO, flux arise from several in-
strumental factors:

5. Uncertainty in the instrument calibration (+5
percent).

6. Variation in aircraft speed ( £ 2 percent).

7. Uncertainty in data processing ( + 5 percent).

8. Uncertainity in the measurement of plume veloc-
ity. This factor usually is the chief variable that
influences the precision of our measurements.
Before August, the plume velocity (m/s) was ob-
tained from weather data available from the U.S.
National Oceanic and Atmospheric Administra-
tion office at the Portland, Oreg., airport. After
August 2, the wind speeds were determined by
comparing aircraft air speed with aircraft ground
speed for flight paths parallel to the plume in two
directions. Ground speeds were obtained from
FAA radar measurements. Precision of the
plume-velocity measurements in good weather
conditions is probably +10 percent on days of
strong winds and only +50 percent on days of
light winds.

The effect of several of these uncertainties and varia-
tions (1, 2, 6, 7, 8) on the reported SO, emission rate
can be minimized by averaging the results of several
traverses each day.

RESULTS
MARCH 29-MAY 14

SO, emissions were measured by monitoring the
light-colored, transparent part of eruption plumes, as
well as the sky above the crater during times when no
plume was visible. Measurements were made from
low-wing aircraft, helicopter, the edge of the crater,
and the ground at Timberline viewpoint, 4 km north-
east of the summit. From March 29 to April 12, emis-
sion rates of as much as several metric tons per day of
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SO, were measured during times of no visible erup-
tive activity. Rates of as much as 30 t/day were
measured during intervals of ash and steam eruption
(Stoiber and others, 1980). For the 5 weeks of
volcanic activity after April 12, the maximum flux of
SO, during times of steam and ash eruption was less
than 40 t/day (fig. 116). Due to the low emission
rates, the uncertainty in each of these measurements
is approximately equal to the determined flux. More
precise measurements obtained from phreatic erup-
tions on May 14 provide a more accurate average of
approximately 15+ 5 t/day.

MAY 25-JULY 5

After the cataclysmic eruption of May 18,
measurements were resumed on May 25. An eruption
on May 25 generated a 14-km-high eruption column.
The SO, flux was measured at 2,500 t/day during the
waning stages of this eruption, after the eruption
column had dropped to about 6 km in height. From
May 26 to July 6, measurements were attempted
every 2 to 3 days (fig. 116), as weather permitted.
From May 26 to June 3, SO, production ranged from
130 to 260 t/day. The next measurements, made on
June 6, indicated an abrupt increase in SO, emission
to 1,000 t/day. On June 4, inflation of the mountain
ceased, as indicated by a continuously recording
tiltmeter at Ape Cave North station (6 km southwest
of the summit); subsequently in 1980 this instrument
recorded only slight slow deflation (Dvorak and
others, this volume). A third eruption occurred on
June 12, and a lava dome was first observed on June
15; yet neither of these events was directly preceded
or followed by significant changes in the rate of SO,
emissions. From June 6 to June 22, SO, emissions
ranged from 950 to 1,300 t/day during times of non-
explosive gas emission. On June 9, during a minor
steam explosion lasting about 15 min, two traverses
were made, and an average emission rate of
3,700 t/day was measured. On traverses made im-
mediately prior to this small explosion, an average
rate of SO, emission of 600 t/day was measured. Due
to poor weather conditions, no successful
measurements were made from June 23 to July 4. On
July 5, measurements showed an increase in SO,
emission rates to 2,600 t/day.
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Figure 116.— Variation of SO, and CO, (in metric tons per day) with time, from March 29 through December, 1980.
Underlined dots indicate measurements made during explosive activity. Red vertical lines indicate major eruptive events.

CO, data from Harris, Sato, and others, this volume.

JULY 6 THROUGH DECEMBER

On July 6, routine simultaneous monitoring of
SO, and CO, was begun (fig. 116). SO, emission rates
decreased from July 6 to 16 (2,600-880 t/day) then
increased from July 18 to 22 (1,200-1,900 t/day), prior
to the eruption of July 22. Following the eruption, the
SO, emission rates were highly variable and ranged
from 800 to 2,000 t/day, but after July 28 they re-
mained at 900+200 t/day until August 7. For the
balance of the month of August, SO, emissions aver-
aged 1,300 t/day and ranged from 530 to 3,400 t/day.
From late August through September, emission rates
ranged from 430 to 1,800 t/day and averaged approxi-
mately 1,000 t/day. In the 2 weeks prior to the erup-
tions of October 16-18, SO, emissions averaged
700 t/day, a significant decrease from the 1,000 t/day
average for late August through September. During
and for a few days following the October 16-18 erup-
tions, SO, rates increased to an average of 1,100 t/day
(table 9). The average rates of SO, emission steadily
declined from a maximum in July of 1,500 t/day, to a
minimum average rate for November of 400 t/day.
The average emission rate for December was 890
t/day, possibly indicating increased SO, emissions
related to the eruptive activity in late December. The
averages for each month are (t/day): July, 1,500+ 570;

August, 1,300+680; September, 950+ 500; October
880+ 300; November, 400 + 150; December, 890 + 600.

DISCUSSION

Interpretations of SO, emission data depend
critically on the emission rates of gases in addition to
SO,, especially H,S. Silicic magmas should emit
significant H,S, especially when the emissions are
relatively high in water (Ohmoto and Rye, 1979;
Gerlach, 1980). Indeed, high-temperature fumaroles
in the Mount St. Helens crater have yielded gases
dominated by H,S (Casadevall and Greenland, this
volume). Airborne measurements of the plume have
recorded levels of H,S generally 10-30 percent those
of SO,; however, during the major eruption of May
18, and for 1 week following, the H,S levels were as
much as ten times higher than SO, (Hobbs and
others, 1981). Casadevall and Greenland (this
volume) suggested that most of the H,S emitted at
high temperatures is rapidly oxidized to SO, in the
hot cracks on or near the dome. This oxidation is
probably inhibited at times of intense activity because
atmospheric admixture is less efficient.

We interpret the very low emission rates of SO,
prior to the eruption of May 18 as indicating that little
sulfur gas was being released from the new Mount St.
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Table 9.—SO, emission rates at Mount St. Helens from March 29 to December 19, 1980
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Helens magma. The SO, emissions may have been
derived directly from a magma or from reactions of
water with previously formed sulfur in the hydrother-
mal system above the magma body. The absence of
juvenile material in ejecta from eruptions prior to
May 18 supports the hypothesis that the new magma
was probably too deep or its shell too impermeable to
allow liberal release of sulfur gas from the melt. Alter-
natively, the active hydrothermal system may have
absorbed any sulfur gas released from the melt,
thereby preventing its escape into the atmosphere.
Another uncertainty in the data is the role of H,S
during this period. H,S in the plume varied from 10 to
50 percent of the total sulfur gases released prior to
May 18 (Hobbs and others, 1981). The lower temper-
ature of the gaseous emissions may have greatly
inhibited its oxidation to SO,.

Following the major eruption of May 18, the SO,
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53ix hours before eruption.

6Two hours before eruption.

emission rate during nonexplosive eruptive activity
remained at a low level of 200 + 50 t/day from May 26
to June 3, and then increased to 1,000+ 300 t/day
from June 6 through early July. This increase coincid-
ed with the end of a period of inflation that had con-
tinued from May 14 to June 4, and it is interpreted to
indicate upward movement of a shallow magma body
beneath Mount St. Helens. The fivefold increase in
the rate of SO, emissions suggests that between June 3
and 6, the magma body moved close enough to the
surface to permit increased loss of sulfur gas from the
melt (fig. 117). On June 15, following the eruption of
June 12, a dome was observed in the crater and re-
mained intact until the eruption of July 22. During
that time, the SO, emissions ranged from 880 to 2,600
t/day and averaged about 1,500 t/day. This example
shows how interpretations of the gas-emission data
can be constrained by other data. We do not feel
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Figure 117.—S50O, emissions compared with the change in
east-west tilt as recorded at Ape Cave North station, 6 km
southwest of the summit of Mount St. Helens, between
April 29 and June 28, 1980. Red lines indicate eruptions on
May 18, May 25, and June 12. Numerical increase in
microradians indicates tilt downward to west.

nearly as confident in interpreting changes in gas
emissions that do not correlate with other geophysical
measurements or geological observations.

Our data document sustained high emission rates
of both SO, and CO, since early July. The logical
source for the SO, and most of the CO, is the shallow
magma body (Harris, Sato, and others, this volume).
If we assume that the SO, detected in the plume repre-
sents 90 percent of the total sulfur lost from the melt,
and the other 10 percent is H,S, we may calculate a
minimum volume of sulfur lost from the melt to the
atmosphere during periods of nonexplosive emis-
sions. The total SO, + H.,S emissions from May 25
through December is equivalent to about 220,000 t of
SO; or 110,000 t of sulfur. This amount of sulfur, if it
comes from a shallow dacite magma body containing
less than 500 ppm sulfur (Melson and others, 1980),
must come from a dense magma body of at least
0.3 km? volume. This volume is much larger than the
total volume of all new magma erupted since May 18
(0.05 km?, Lipman, Norton, and others, this volume,

table 68). Although the May 18 eruption probably
released a larger tonnage of sulfur than all of the ex-
plosive emissions since, this amount is difficult to
calculate. The measurements indicate that a signifi-
cant change in style of SO, release occurred in early
June. Before this time, the main gas emissions were at
low levels between relatively brief explosive events
that released large amounts of sulfur (May 18, May
25, June 9). In contrast, since early June, the bulk of
the SO, was released as nonexplosive emissions be-
tween eruptions. The sulfur released by the 0.05 km?
of magma erupted since May 18 could be, at most,
about 50,000 t of SO,, significantly less than the total
of 220,000 t emitted since May 18. This difference in
amount suggests that a significant volume of magma
is close enough to the surface to outgas. Such lava
may remain in the volcanic edifice as intrusive masses
or may eventually erupt.

Concepts that should be continually evaluated in
the interpretation of short-term (daily and weekly)
trends in the gas emissions are:

Intrusion of new magma to a shallow level. —When
this occurs, an increase in the emissions may take
place. SO, emission rates are known to increase
before activity at Mount Etna (Malinconico, 1979).
This explanation may account for the increased SO,
emissions in early June, and for the increases before
the July 22 eruption.

Changes in the permeability of the solidifying shell
of the magma body.—Periods of sealing of the
magma body may precede some eruptions because
gas pressures are not released. Decreases in emissions
of SO, and CO, before eruptions may indicate this
sealing. The occurrence of large, gas-rich puffs from
the crater of the volcano before and after eruptions
may indicate transitions between well-sealed and
poorly sealed states of the intrusive body. Local
deformations in the crater area may correlate with
sealing (Swanson and others, this volume).

Changes in the emission rates of other
components.—By measuring SO, and CO,, we study
only part of the total gases emitted. H,S should be
measured more frequently. The amounts of H,O, the
major component of the emissions, should also be rou-
tinely measured. These new measurements will help
our interpretations significantly.

We also need to develop concepts that explain
longer term changes in gas emissions, such as the con-
sistent monthly decreases in both CO, and SO, from
July through December. For example, how do we dis-
tinguish between hypotheses that imply depletion of
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the shallow magma body and those that imply a bet-
ter sealed body? The first type of hypothesis implies a
quiet future, the second does not.
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THE 1980 ERUPTIONS OF MOUNT ST. HELENS, WASHINGTON

EMISSION RATES OF CO, FROM PLUME MEASUREMENTS

By DAVID M. HARRIS, MOTOAKI SATO, THOMAS J. CASADEVALL,
WILLIAM 1. ROSE, JR.}, and THEODORE J. BORNHORST"*

ABSTRACT

Most of the CO, that emanated from Mount St. Helens became
part of the gas plume as it moved away from the volcano. An air-
borne technique was developed for continuous sampling and in-
frared analysis for CO; in the plume. The CO,-emission rates
were determined by measuring the area, the horizontal velocity,
and the CO, concentration anomaly in vertical cross sections of
the plume. CO,-emission rates were measured 55 times from July
6 to October 29, 1980. The precision of individual CO,-emission
rates is estimated to be +10-40 percent. The emission rate varied
from 2,100 t/day (metric tons per day; 2.1x10° g/day) to about
22,000 t/day (2.2x 10" g/day). Degassing of dacitic liquid is the
most likely source of excess CO, in the gas plume. The total
amount of CO,; released to the atmosphere by volcanic activity
during noneruptive periods at Mount St. Helens from the begin-
ning of July 1980 to the end of October is about 910,000 t
(9.1x10"* g). The contribution of CO, to the atmosphere
exceeded that of SO,. The monthly mean emission rate of CO,
decreased significantly from 11,500 t/day (July 1980) to 5,300
t/day (October 1980). Significant changes in the emission rate
of CO, may have occurred as a result of migration of CO, from
deeper magma, intrusion of magma at a shallow level, change in
the permeability of the vent, and change in the rate of crystalliza-
tion of magmatic liquid. It is not possible at the present time to
establish the actual cause or causes for changes in the CO,-
emission rate. Three Plinian eruptions (July 22, August 7, and Oc-
tober 16-18) of dacitic magma were preceded by significant
decreases of CO,-emission rates. The decreases, which occurred
several days before eruptions, were useful for anticipating the
August 7 and October 16-18 eruptions.

Michigan Technological University, Houghton, Mich. 49930

INTRODUCTION

The resumption of volcanic activity at Mount St.
Helens in March 1980, and potential hazards from
eruptions, prompted studies of the gaseous emissions
and their discharge rates. The objectives of these
studies are to provide information about the degass-
ing of the subsurface magma body and to provide ad-
vance warning of volcanic eruptions. This report
describes an airborne method for determination of
the CO,-emission rate and the results obtained at
Mount St. Helens from July 6 to November 1, 1980.
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DETERMINATION OF
CO,-EMISSION RATES

Most of the CO, that emanated from the volcano
moved away in the gas plume. Hence, the CO.-
emission rate could be determined by measuring the
area, the horizontal velocity, and the CO, concentra-
tion anomaly in a vertical cross section of the plume.
Because the plume consisted of volcanic gases greatly
diluted by atmospheric air, and because both contain
CO,, only the “excess” CO, concentration (that
amount above the concentration normally found in
the atmosphere) can be attributed to the volcanic
source. CO,-emission rates reported herein refer to
the excess CO, present in the plume.

PROCEDURE FOR MEASURING EXCESS
CO, IN THE PLUME

The airborne method for determination of excess
CO; in the plume utilized continuous airborne sam-
pling and infrared analysis for CO, during flights
through the plume. An air-sampling tube was attached
to the fuselage of a twin-engine, propeller-driven air-
craft. The sample inlet (open to the front) was placed
in a position such that contamination from aircraft
engine exhaust was avoided. Because of the speed of
the aircraft (72 m/s), the air sample flowed con-
tinuously through the gas cell (5.64 L) of an infrared
spectrophotometer (Miran 1A, Foxboro Analytics,
Inc., Foxboro, Mass.) at a rate of 0.4 L/s. The gas in
the cell was completely replaced about every 15s. The
variations in spectral transmission through the gas
over a 6.75-m path length were continuously recorded
at the 4.26 um absorption band for CO, while the
aircraft flew into and across the plume (that is, at
right angles to the plume trajectory) at some con-
stant altitude (+10 m) and the constant airspeed of
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72+ 2m/s. The transmission was constant for air from
outside the plume, but it decreased within the plume
due to increased absorption caused by elevated
amounts of CO, (fig. 118). After a step increase or
decrease of CO, concentration in ambient air along a
flight path, about 15 s are required for the gas in the
instrument to attain the new composition. For an air-
craft speed about 72 m/s and the overall response time
about 15 s, the distance traveled before attainment of
the full analytical response is about 1.1 km. The slow
response time causes the measured shape of the plume
cross section to be distorted and limits the spatial
resolution of CO,-concentration variations. The ap-
parent width of the plume, as defined by the width of
the measured CO,-concentration anomaly, should ex-
ceed the actual width of the plume by as much as
2.2 km. Step changes of CO, concentration should ap-
pear as gradual changes over a 1.1-km distance. The
distortions of the apparent plume width and the con-
centration profiles do not affect the integral (along the
flight path) of the excess CO, concentration, provided
the actual plume width exceeds 1.1 km.

Because the response of the instrument to changes
in the mass of CO, per unit volume can be determined
by calibrations, the excess CO, concentration in the
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Figure 118. —Decrease of transmission at the 4.26-um
absorption band for CO, during flight through the
plume at an altitude of 2,500 m.



plume can be calculated directly from the transmis-
sion measurements. Because pressure and tempera-
ture vary with altitude, and the total mass of CO, per
unit volume can be calculated from the ideal gas law
for a given composition of air, it is possible to
calibrate the instrument response by varying altitude
in air outside the plume and measuring the changes in
transmission. We have assumed a CO, concentration
of 330 ppm by volume in atmospheric air outside the
plume, and have used the National Advisory Com-
mittee for Aeronautics formulas (Haltiner and Mar-
tin, 1957, p. 52) for pressure and temperature in the
standard atmosphere (fig. 119). The logarithm of the
transmission ratio varies inversely with the mass of
CO, per unit volume. The excess CO, concentrations
along flight paths through the plume have been
calculated from the transmission measurements and
include corrections for pressure and temperature.
Measurements along each flight path yield a line
profile of the excess CO, concentrations in the plume
at a particular altitude. A sequence of flight paths
(often as many as eight) at various altitudes gives a
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Figure 119.—Pressure, temperature, and mass of CO,
per unit volume in the atmosphere. Pressure (P) and
temperature (T) were calculated from National Ad-
visory Committee for Aeronautics formulas for the
standard atmosphere (Haltiner and Martin, 1957,
p. 52). Mass of CO, per unit volume of air was calcu-
lated from the ideal gas law for 330 ppm CO, and
pressures and temperatures used in formulas for the
standard atmosphere.

sequence of CO,-concentration profiles through an
entire cross section of the plume. The results are used
to construct a graph (for example, fig. 120) that
shows the spatial dependence of excess CO; in a ver-
tical cross section through the plume. As discussed
above, the apparent plume cross section is as much as
2.2 km wider than the actual plume and the concen-
tration gradients in the actual plume are greater than
shown in figure 120. The CO,-concentration anomaly
is integrated (graphically) to obtain the product
(ppm-m?) of the mean CO, concentration (ppm) and
the plume area (m?).
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Figure 120.—Spatial distribution of excess CO;
concentration in a cross section of plume on Ju-
ly 9, 1980. Solid circles, 0 ppm; open circles,
2.5 ppm; solid squares, 5 ppm CO, by volume
in excess of the CO, concentration in the at-
mosphere distant from plume. The 0, 2.5, and 5
ppm contours are shown as solid lines.

MEASUREMENT OF THE WIND SPEED

The average horizontal velocity of the plume at the
altitude and position of the CO,-concentration
anomaly must be known in order to calculate an
emission rate for CO,. Emission rates obtained
through August 2 are based upon official National
Weather Service forecasts of the winds aloft at
altitudes appropriate for the plumes. Emission rates
obtained after August 2 are more accurate because
the wind speeds were actually determined from dif-
ferences in the aircraft’s true ground speeds for two
flight paths parallel to the plume direction and in op-
posite directions, both flown at a constant air-speed.
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True ground speeds were obtained by the pilot from
Federal Aviation Administration radar measurements
and (or) calculated from airborne radio navigation
position measurements and elapsed time. Errors due
to short-term fluctuations of the wind speed were
reduced by flying in each direction for about 8 min,
but changes in the average wind speed during the
2-hr measurement period may be significant.

CALCULATION OF THE
CO,-EMISSION RATE

The CO,-emission rate is obtained from the prod-
uct of the spatially averaged CO,-concentration
anomaly (ppm-m?), the wind speed (m/s), and the
density of CO, (g/m?) at the pressure and tempera-
ture estimated for the mean altitude of the plume.
Although the emission rates are reported in units of
10° g/day (10° t/day), each value represents about
2 hr of measurements.

ACCURACY AND PRECISION OF
CO,-EMISSION RATES

The accuracy and precision of individual
measurements of the CO,-emission rates are limited
by the following sources of error:

1. The concentration of CO; in atmospheric air out-
side the plume is probably different from the
assumed value of 330 ppm (volume). The CO,
concentrations in air samples collected outside
the plume in the vicinity of Mount St. Helens on
October 22, 27, and 30, 1980, were determined
by gas chromatography to be 351, 335, and
348 ppm, respectively (R. D. Cadle, written
commun., 1980). Because the errors in emission
rates are proportional to the errors in the
assumed concentration of 330 ppm CO; in at-
mospheric air, the results determined in this
study may be too small by 1-6 percent.

2. The CO, concentrations may be in error due to
instrument calibration and (or) reading errors.
Excess CO, concentrations determined in this
study may be compared with those determined
by R. D. Cadle, who collected gas samples in the
plume at the same time our continuous measure-
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ments were made. On October 22, a flight
through the plume at an altitude of 2,530 m gave
a peak excess CO, concentration of 9 ppm in the
plume, whereas Cadle’s result for a bulk sample,
based on the difference of two analytical results,
was 11 ppm. Similar measurements on October
30 showed values of 2 ppm excess CO, for our
technique and 2-3 ppm excess CO, by Cadle’s
methods. Results obtained by the two methods
on October 27 showed large discrepancies,
which might be due to an analytical error in the
background value (335 ppm) for CO, in at-
mospheric air outside the plume on that day.
Two measurements of CO, concentrations in at-
mospheric air on October 22 and 30 gave values
of 351 and 348 ppm, respectively. If 350 ppm
CQO, is assumed for the atmospheric air on Oc-
tober 27, then the excess CO, concentrations ob-
tained by the two methods are in much better
agreement.

3. Graphical integration of the CO,-concentration
profile is subject to error and requires careful
judgment and experience in order to obtain the
best precision. Each plume cross section requires
reading 100-200 points from the continuous
chart recording of the infrared transmission,
although only about 30 measurements of the ap-
parent plume widths at various excess-CO, con-
centrations are shown in figure 120. The errors
made at this stage are estimated to be about +10
percent.

4. The actual wind speed is probably known to
about + 25 percent for speeds between 10 and 20
knots, and to + 10 percent for speeds larger than
20 knots. At wind speeds of 3-5 knots, which
are uncommon, the uncertainty is about +40
percent.

5. The actual flight speeds and altitudes may be in-
correct by + 5 percent.

The overall precision of the individual emission
rates is estimated to range from +10 to +40 percent
of the amount. Because the precision is so poor, it is
necessary to obtain redundancy in order to demon-
strate trends or changes in emission rates. Errors in
the wind speed contribute large errors to individual
measurements, but, because the errors should be ran-
dom, the mean values of the emission rates have
smaller errors.



RESULTS

The CO,-emission rate was measured 34 times
during the 55-day period from July 6 to August 29,
1980, and 20 times during the 44-day period from
September 17 to October 29, 1980. The intervals be-
tween measurements averaged 1.6 and 2.2 days for
the two periods, respectively. During these two
periods, the plume was being sampled about 5 per-
cent of the time.

The emission rates of CO, are plotted chronologi-
cally in figure 121. The emission rates of SO, (Casa-
devall and others, this volume) and the CO,:SO,
mass ratio are shown for comparison.

Table 10 lists the monthly variations of emission
rates of CO, and SO,. During each month, the CO,-
emission rate varied over a large range. From July
to October, the monthly mean CO,-emission rate
decreased by a factor of two. However, from Septem-
ber 15 to October 9 there was a gradual increase in the
CO;-emission rate from 2,100 t/day to 5,400 t/day,
except for a much larger rate (17,000 t/day) on
September 27. Between October 9 and the October 16
eruption, the rate decreased to about 3,500 t/day.

Table 11 shows that the CO,-emission rate decreas-
ed before the July 22, August 7, and October 16-18 Pli-
nian eruptions. The preeruption decreases in the CO,-
emission rates are sufficiently large to be beyond the
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estimated errors of individual measurements. Because
several measurements were taken in each time span,
there is redundancy within each sequence of
measurements.

The total amount of CO, emitted by Mount St.
Helens from the beginning of July through the end
of October is estimated to be about 910,000 t
(9.1x10" g). The relative amounts of magmatic and
nonmagmatic CO, in this total are not known, but
possible sources of the CO, will be considered.

DISCUSSION

The origin of CO, in the plume is not known at the
present time. The geologic environment of the
magma body within the active crater suggests two
sources of CO, to be considered: (1) heating of
ground water containing dissolved CO, and HCO,—,
and (2) degassing of CO, from silicate liquids of
dacitic composition.

The amount of ground water that circulates near
the magma body in a given period of time is not
known. However, if we assume that all of the excess
CO; in the plume owes its origin to the heating of
ground water and release of the dissolved CO, near the
magma body, then we can estimate the rate at which
water would have to be supplied. For a CO,-emission
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Table 10.—Monthly variations of CO,- and SO,-emission
rates, June to October 1980

[Leaders (---) indicate no data; SO, data from Casadevall and others, this
volume]

June July August September October

C02
Number of measurements—-- 0 11 23 12 11
Monthly mean (t/day)-—-—-— --- 11,500 7,100 6,000 5,300
Minimum———==—————————m --- 4,800 2,500 1,500 2,400
Max imum-—========—=——ea --- 22,000 16,000 17,000 8,900
SO2
Number of measurements--- 8 14 25 15 16
Monthly mean (t/day)----- 900 1,500 1,300 950 880
Minimum—--—————======-= 260 700 530 430 470
Maximum----—=-=~———=——————— 1,300 2,200 3,400 1,800 1,400
Monthly mean CO2
- 7.7 5.5 6.3 6.0

Monthly mean SO,

rate of 10,000 t/day and assumed concentrations of
100-500 ppm (by weight) CO, dissolved in the ground
water (see for instance, Davis and DeWiest, 1966,
p. 106), the flow rate of water toward the magma
body would have to be about 0.02-0.1 km?* H,O/day
(0.24-1.2x10° g H,O/s). The volume of water re-
quired each day is equivalent to a layer with an area of
400 km? and a thickness of 5-25 cm. The required flow
appears to be much too large for ground water to be
the dominant source for the CO, emissions. Isotopic
data also suggest that both the carbon and water in
fumarolic gases are not meteoric (Evans and others,
this volume).

Another possible source for the CO, is the degassing
of the dacitic magma. The gas occluded in vesicles of
pumice erupted in June 1980 includes CO, as an abun-
dant species (Gary Olhoeft, oral commun., 1980).
Also, CO; is an abundant component of the fumarole
gases sampled at the crater in September 1980 (Casa-
devall and Greenland, this volume). The minimum
amount of silicate liquid required to explain the CO,
gas emissions could be estimated if the initial (preintru-
sion) CO, concentration of the liquid were known.
Unfortunately, the initial CO, concentration of the li-
quid has not yet been determined. However, in order
to consider the dacitic magma as a source for the CO,,
we might assume that the liquid phase of the dacite
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Table 11.—Changes in mean CQO,-emission rates
before eruptions

[Number in parentheses is number of measurements in the mean]

CO2 emission rate (t/day)
Number of days
before eruption

July 22 August 7 October 16 Average
9 to 16————-——- 14,000 (4) 13,700 (5) 5,400 (4) 11,000
3 to 8-——————— 8,600 (2) 10,600 (3) 5,200 (2) 8,100
Less than 2--—- 4,800 (1) 3,700 (2) 3,200 (2) 3,900

contained 0.13 weight percent CO, before degassing.
(CO, was determined to be 0.13 weight percent in melt
inclusions in olivine crystals in a subduction zone
basalt studied by Harris, 1979.) Complete degassing of
0.77x10*? g of dacitic liquid per day could supply
10,000 t/day CO,. The volume of completely degassed
liquid required would be about 3 X 10° m®/day.

For the period July through October 1980, a
0.26 km?* volume of dacitic liquid would be required
to supply the 910,000 t (9.1x 10" g) of CO, emitted
over this period of time. This amount is about five
times the total volume (0.053 km?® of magma; Lipman
and others, this volume) of dacite, including air-fall
ash, pyroclastic flows, and dome, erupted during
the May 25, June 12, July 22, August 7, and Oc-
tober 16-18 eruptions. If intrusion and degassing of
magma released more than 0.13 weight percent CO,
from the dacitic liquid (possibly due to initial vapor
saturation of CQO; at a confining pressure of 5 kbar or
more), then the volume of intruded liquid that is re-
quired would be less than 0.26 km?.

Emission rates of CO, may change as a result of
migration of CO, from deeper magma, intrusion of
magma at a shallow level, change in the permeability
of the vent, and change in the rate of crystallization
of liquid. It is not possible at the present time to
establish the actual cause or causes for observed
changes in the CO,-emission rate.

The results in figure 121 show that the CO,- and
SO,-emission rates often show similar changes. How-
ever, the emission rates of the two gases appear to
have varied independently at certain times (especially
on July 9, July 22, August 4 to 7, October 15, and Oc-
tober 18). The CO,/SO, ratio was not constant but
varied over a large range. Although the correlation



coefficient for the CO,- and SO,-emission rates is
0.57, the emission rates of the two gases were not cor-
related in a simple way.

Each of the three eruptions (July 22, August 7, and
October 16-18) of dacitic magma during the time in-
terval of this study was preceded by a significant
decrease of the CO,-emission rate. The decreases
occurred several days before each eruption. Because
the large decrease of the CO,-emission rate from
July 14 to July 22 was followed by an eruption and
the pattern was repeated (August 3-6), the August 7
eruption was anticipated. Finally, the much lower
emission rate of CO; on October 15, as compared to
the September 15 to October 9 trend of increasing
CO.,-emission rate, suggested that an eruption might
be imminent; several Plinian columns were erupted
from October 16 to 18.

Forecasting of volcanic eruptions by geochemical
techniques may be possible, but a quantitative under-
standing of the behavior of volatile elements during
magmatic processes is required in order to make better
forecasts. For example, on August 20, on the basis of
changes of the CO,- and SO,-emission rates, another
eruption was anticipated to occur between August 20
and August 23, but no eruption occurred. Because the
principal propellant in the explosive eruptions at
Mount St. Helens is probably H,O vapor, its role in
the mechanisms of eruption and degassing of magma
should be thoroughly investigated.

CONCLUSIONS

1. Degassing of dacitic liquid is the most likely
source of excess CO; in the gas plume.

2. The total amount of CO, released to the at-
mosphere by volcanic activity at Mount St. Helens
during noneruptive periods from the beginning of
July to the end of October is about 910,000 t
(9.1x 10" g). Since the CO,:SO, mass ratio of the
emissions is greater than unity, the contribution of
CO; to the atmosphere exceeded that of SO,.

3. The monthly mean emission rate of CO, has
decreased significantly from 11,500 t/day (July 1980)
to 5,300 t/day (October 1980).

4. Three Plinian eruptions of dacitic magma (July
22, August 7, and October 16-18, 1980) were pre-
ceded by significant decreases of CO,-emission rates
up to several days before the eruptions. These
changes may be useful for anticipating eruptions.
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THE 1980 ERUPTIONS OF MOUNT ST. HELENS, WASHINGTON

CONTINUOUS MONITORING OF HYDROGEN ON THE SOUTH
FLANK OF MOUNT ST. HELENS

By MOTOAKI SATO and KENNETH A. MCGEE

ABSTRACT

Differences in the H, (hydrogen) concentration between at-
mospheric air and in the ground at a depth of 50 cm have been
monitored with an electrochemical sensor at the 2,100-m level on
the south flank of Mount St. Helens since June 20, 1980. Sensor
output and reference voltages were radio telemetered to Van-
couver, Wash., and recorded about every 4 minutes.

Three types of changes in the H, sensor signal were recognized
through November 1, 1980. (1) Smooth diurnal variations in
which ground H, concentrations are smallest relative to the at-
mosphere in the morning (0800-1000 PDT) and largest in the
evening (1900-2100). These variations are probably caused by
daily reversal of orographic winds. (2) Irregular short-period in-
creases in the ground H, concentration that follow shallow local
seismic events by a few tens of hours. These increases are prob-
ably caused by magmatic emission of H, through the flank of the
volcano. (3) Changes in the daily average of the relative ground
H, concentration, which first abruptly decreases below the at-
mospheric H; value and then increases within tens of hours. The
changes are probably caused by a rapid degassing of H, in the
crater, which increases the H, concentration in the air relative to
the ground until the slower ground emissions catch up. Such
changes preceded the August 7 and the October 16-18 eruptions
by several days, and also may have preceded or coincided with
prominent gas emissions and volcanic tremor. No such change
was observed before the July 22 eruption.

These observations suggest the important influence of at-
mospheric H; derived from the crater plume on the patterns of the
H., sensor signal in nonfumarolic ground. Separate monitoring of
H, in the ground and in ambient air in comparison with an
isolated reference gas, and monitoring at several more sites
around the crater to eliminate regional wind effects will be
necessary for better results.

INTRODUCTION

Hydrogen is present in most magmatic gases (White
and Waring, 1963). Because it is a light, mobile gas,
H, is probably one of the best geochemical communi-
cators that hidden magma sends to the surface. The
high oxygen fugacities of extrusive rocks, compared
to intrusive rocks formed at depth, suggest that
hydrogen readily escapes from magma at shallow
levels in the crust (Sato, 1972, 1978). Monitoring of
H, emission, therefore, may provide information on
the activity of magma within a volcano. Acquisition
of data on diverse volcanoes is an initial step for
developing techniques that may eventually permit
eruption predictions. We began continuous monitor-
ing of hydrogen in a fumarole at Kilauea Volcano,
Hawaii, in 1973. Since then, we have extended
fumarole H, monitoring to Mauna Loa (Hawaii),
Mount Baker (Washington), Krafla (Iceland), and
Vulcano (Italy) in cooperation with other scientists.
The resumption of volcanic activity in March 1980
prompted us to start the hydrogen monitoring experi-
ment on Mount St. Helens.

Because monitoring instruments could not be placed
in the primary fumaroles in the post-May 18 crater due
to eruption hazards, we chose a site for H, monitoring
on a blocky, ridge-forming lava flow, about 400-500
yr old, at the 6,900-ft (2,100-m) level on the south
flank of the volcano (fig. 122). Preliminary
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measurements indicated that H, passed through the
porous lava flow from the volcano’s interior. Monitor-
ing was begun on June 20, 1980.
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METHOD OF MONITORING H,

The difference in H, concentration between the am-
bient atmosphere and gas about 50 cm deep in loose
pyroclastic material, interstitial to blocks of the lava
flow, was monitored continuously by an electro-
chemical sensor. The sensor (fig. 123) is essentially a
small fuel cell that generates an electric current in pro-
portion to the amount of H, available for electro-
chemical oxidation by O, in air. The cell consists of
an acidified and platinized perfluorosulfonic acid
membrane (electrolyte for H* ion), perforated foils of
Pd;0Aus, alloy (current collectors), AugoPt;, alloy and
tantalum wires (conductors), and Teflon body and
tubing. The platinized electrolyte membrane was ob-
tained from a commercial hydrogen generator.
General principles of H,/O, fuel cells based on ion-
exchange membranes have been described by Viel-
stich (1970, p. 191-200).

When the inside of the sensor is filled with at-
mospheric reference air and a load resistor is con-
nected to the conducting wires, H; in the gas to be
tested is converted to H* ions, moves through the
membrane, and combines with O, in the air to pro-
duce H,O. An electric current is generated from the
interior current collector to the exterior current col-
lector through the load resistor, resulting in a voltage
drop across the load resistor. The voltage drop is the
sensor output. The current (and hence the output
voltage) is linearly proportional to the difference in
H, concentration between the external gas and the in-
ternal reference air when the load resistance is suffi-
ciently low. A higher load resistance produces a
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Figure 122.—Location of the H, monitoring site on the
south flank of Mount St. Helens.

higher voltage output, but it makes the sensor
response nonlinear and slower. For a few hundred
parts per million (ppm) H,, a load resistance of as
much as 100 kilo-ohms can be used without degrading
the linearity. The sensor installed on the south flank
of Mount St. Helens, which is connected to a 100
kilo-ohm resistor, has a sensitivity of about 7.5 mV
(millivolts) per 100 volume ppm H, at 1 atmosphere
total pressure and responds to 90 percent of the final
value for a step change in H, concentration in about
1 min. The slow response time was not detrimental
for this study.

Because O, is consumed and H,O is produced on the
interior surface of the electrolyte membrane as the
result of the electrode reaction, air must be circulated
inside the cell to supply O, and remove the H,O film.
Atmospheric air, scrubbed of sulfur gases by being
passed through a column of soda lime, is circulated
through the sensor by a small diaphragm pump



(fig. 124). The sensor-output wires go through the air-
intake tube to the pump box, where they are connected
to a four-conductor cable (two conductors for the
pump power supply). The cable is connected to an
electronics board and radio transmitter, housed in an
airtight box.

The electronics board functions as a signal multi-
plexer, voltage-to-frequency (V/F) converter, and
radio switch. The board used for this study is similar
to earlier versions (McGee, and Sato, 1979; McGee
1979), except that it does not utilize a clock; instead,
it switches a four-channel multiplexer input when the
V/F converter produces a fixed number of pulses. The
radio transmitter is switched on only every fourth
cycle of the multiplexer to conserve the battery (the
average power requirement is less than 1 watt). The
multiplexer scans through 0- and +10-mV reference
voltages and through unattenuated and attenuated
(by a factor of eight) sensor voltage outputs. The V/F
converter is biased to match one of the conventional
seismic audio channels and is trimmed to deviate
from the center frequency by 100 Hz (hertz) for
10-mV signal input.

A five-element Yagi antenna is used to transmit the
modulated VHF radio signals (about 200 mW, or
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Figure 123.—Diagram of the H, sensor used at Mount St.
Helens: 1, air-intake Teflon tube; 2, commercial Teflon
tubing connector; 3, threaded Teflon nut; 4, perforated
AusoPdyo foils; 5, Teflon sensor body; 6, AusPty alloy
wires; 7, acidified, platinized perfluorosulfonic acid mem-
brane; and 8, air-exhaust Teflon tube.

milliwatt) directly to Vancouver, Wash., 68 km to the
southwest, where the signals are received, discrimi-
nated, and converted back to time-multiplexed dc
voltages. A dot-printing strip-chart recorder marks
four separate traces of the voltage signals on pressure-
sensitive paper, as shown in figure 125. The traces of
the reference voltages are used to detect changes in
the voltage span, noisy radio conditions, and mal-
functioning of the telemetry system.

The sensor output is bipolar, and the output
voltage can change depending on at which side of the
electrolytic membrane the H, concentration is higher.
Because the sensor null, which represents equal con-
centrations of H,, was found to be offset by 6.2 mV in
the field installation, the unattenuated sensor signal is
less than 6.2 mV when the H, concentration in the

B

Figure 124.—Schematic arrangement of the H, monitoring
and radio-telemetry systems. A,monitoring station. 1, sen-
sor; 2, air-intake tube; 3, air-exhaust tube; 4, pump box; 5,
soda-lime scrubber; 6, electronics and radio-transmitter
box; 7, battery; 8, Yagi antenna. B, receiving station. 8,
Yagi antenna; 9, radio receiver; 10, frequency-to-voltage
converter: and 11, dot-printing strip-chart recorder.
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ground is higher than that in the atmospheric air, and
vice versa.

For most monitoring purposes, the pattern of
changes is more important than the actual concentra-
tion of H,, provided that sensitivity remains constant.
To estimate magnitudes of the changes, however, the
recorded voltage can be converted to relative H, con-
centration from the calibrated sensor sensitivity
(7.5 mV/100 volume ppm H, at 1 atmosphere total

pressure). The output of the sensor probably depends

on the population density of H, molecules (g/cm?)
rather than the H, concentration (ppm) relative to
other gas phases, although this has not been verified
experimentally. Because the barometric pressure at the
monitoring site is only about 0.78 atmosphere, the
calculated H, concentrations are probably about 20
percent low.

Slow changes can be studied more easily if the H,
signals are averaged for 24-hr periods and plotted
chronologically. Because of the large number of
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Figure 125.—Recorded traces of H, emissions and reference voltages for selected dates in 1980 showing: 1, +10-mV
reference voltage; 2, H,-sensor output voltage in the unattenuated scale; 3, H, sensor voltage in the attenuated scale; and
4, 0-mV reference voltage. When the H, concentration in the ground increases relative to that in the atmosphere, the sen-
sor voltage decreases. A, September 27; B, July 28; C, July 27; D, August 3.
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measurements (more than 360/day), we have used a
graphic-area integration method, whereby the area
on the recorder chart between a sensor signal and
0-mV reference traces from midnight to midnight is
subtracted from that for the sensor null (the area on
the recorder chart between 6.2 mV and 0 mV). The
difference is converted to the average H, concentra-
tion by using the 1-atmosphere sensitivity.

RESULTS AND DISCUSSION

Significantly, we observed distinct changes in the
relative H, concentration at the monitoring site, even
though it is 1.2 km from the nearest fumaroles in the
May 18 crater. Previously, at other volcanoes, H,
was monitored only in fumaroles, and thus choices of
monitoring sites were restricted. The possibility that
more diverse locations and methods may be used for
H; monitoring is encouraging.

Relative H, concentration was measured and
recorded about 360 times a day from June 20 through
November 1, except for five gaps totaling 21 days,
caused by battery failure and relocation of the record-
ing facilities. From September 25 to October 8, the H,
sensor was accidentally suspended in air because the
loose pyroclastic material around the sensor had
fallen deeper into the c-evices between lava blocks,
probably due to seasonal melting of ice underneath.
The data are uneventful and stable for this period, as
shown in figure 125A for September 27. This acciden-
tal blank test in the field shows that the sensor-
telemetry system is not affected by ambient tempera-
ture variations (probably more than 10°C) or other
environmental factors that changed during that time,
and that there is a voltage offset of 6.2 mV for the
sensor null point.

We recognize three patterns of changes in relative
H, concentrations for the other recording periods: (1)
smooth diurnal variations; (2) irregular increases in
ground H, concentration; and (3) slower, nonperiodic
changes in the daily average concentrations.

SMOOTH DIURNAL VARIATIONS IN
RELATIVE H, CONCENTRATION

A pattern of smooth diurnal variations is recogniz-
able during the periods July 14-August 12, and
September 4-17. At other times, either the magni-

tudes of the changes are small, or they are masked by
larger irregular changes, described later. An example
of the smooth diurnal variations (recorded on July 28)
is shown in figure 125B. Typically, the relative
ground H, concentration decreased in the morning
(0800-1000 PDT) and increased in the evening
(1900-2100 PDT). These variations amount to several
tens of volume parts per million H, within a day,
when this pattern is pronounced. Often the relative
ground H, concentration becomes negative during the
morning; that is, there is more H, in the atmosphere
than in the ground.

Possible causes for these diurnal variations include
changes in ambient atmospheric temperature, earth
tides, and orographic winds. Changes in ambient
temperature alone are probably not the cause. The
timing for minimum and maximum values of the rela-
tive H, concentration does not coincide with that for
the ambient temperature. Earth tides might produce
periodic changes in the H, emission but cannot ac-
count for the near constancy of the timing. Further-
more, the higher H, concentration in the atmosphere
than in the ground in the morning is difficult to ex-
plain by this mechanism.

Most likely, daily reversals of the vertical air cur-
rents at the volcano, which descend in the morning
and ascend in the evening (orographic winds), could
alternately retard and facilitate mixing of H, from the
crater plume into the ambient atmosphere. If wind
blows H, from the plume down in the morning, H,
could be more concentrated in the atmospheric air
(used for sensor reference) than in the ground during
this period. The orographic winds are subject to
weather conditions. Calm, clear weather would be
conducive to strong orographic currents, and cloudy,
rainy, or windy weather would retard them. We in-
tend to investigate further the effect of local weather
on the intensity of the observed diurnal variations.

IRREGULAR INCREASES IN GROUND
H, CONCENTRATION

Irregular short-period increases in ground H, con-
centration are recognizable by nonperiodic, irregular-
ly shaped trends on the recorder chart, and also by in-
itial change toward a higher relative ground H, con-
centration. These changes may be superimposed on
the smooth diurnal variations; an example is shown
in figure 125C (July 27). The magnitudes of these
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Figure 126. —Correlation chart showing H, emission, eruptions, and seismic events from June 20 to November 2,
1980. Black areas, irregular ground H, emission (dashed lines, inferred); pattemed areas, minimum H, in the air,
presumably from the crater plume (dashed lines, inferred); upward arrows, Plinian eruptions (width indicates dura-
tion); bars above center horizontal lines, steam puffs; sinuous lines below center horizontal lines, seismic events
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changes amount to as much as 135 volume ppm. The
duration of each increase, or burst, is variable, but
generally is less than a day. Such bursts followed the
July 22, August 7, and October 16-18 eruptions, but
they also occurred at other times in June, early July
and in mid-September (fig. 126). The shapes and
relative magnitudes of the areas shown in figure 126
closely reproduce the recorded data, except for
somewhat arbitrary subtraction of the inferred diur-
nal variation. On some days, it was impossible to
determine whether diurnal changes occurred. Such
uncertainties were so pronounced during August
13-19 that we place no confidence in the interpreta-
tion for this period; the irregular H, events are shown
in dotted lines (fig. 126) for other times of uncertainty
about diurnal variations.

At least some of these irregular increases in
relative ground H, concentration appear directly
related to volcanic activity. As noted earlier, the fre-
quency of the burstlike changes in H, concentration
increased markedly following the three major erup-
tions (fig. 126). Because H; is buoyant and mobile, it
could not remain underground for prolonged periods
or enter the ground from the atmosphere. The ir-
regular shapes of the traces of the changes suggest a
dynamic process. For these reasons, we believe that
the irregular increases in ground H, concentration
result from bursts of H, through fractures and pores
from within the volcano.

To examine further the relation of H, emissions to
other volcanic activity, we tried to correlate the H,
bursts with major seismic events, but there were too
many seismic events with which to correlate. Next,
we compared only shallow seismic events (less than
about 1 km) under Mount St. Helens, eruptions, and
significant degassing events (fig. 126).

Specific seismic events do not correlate uniquely
with H, bursts (fig. 126), but generally similar trends
in frequency and magnitude suggest that the H, in-
creases may be caused by the same volcanic events
that caused the seismicity. The ground H, emissions
observed at the monitoring site also generally tend to
lag behind seismic events by a few hours to several
tens of hours. Perhaps the lag represents the time re-
quired for H, pulses to travel through the fractures
and pores of the volcanic material from the source.
H, may also be created by the reaction of ground
water with heated rocks, but such H; need not rise in
bursts or correlate with magmatic activities. In the
absence of strong reasons to support a meteoric-water
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origin, we favor a magmatic origin for the bursts of
ground H, emission.

CHANGES IN DAILY AVERAGE
H, CONCENTRATION

In addition to the above patterns, slower,
nonperiodic changes in relative H, concentrations are
evident in 24-hour averages of the H; concentrations;
these averages eliminate the effects of diurnal varia-
tions and the short-period bursts (fig. 127). An abrupt
decrease and then increase in the daily average con-
centrations of ground H, occured prior to two erup-
tions (fig. 127); during August 3-5 (eruption on
Aug. 7) and October 9-13 (eruption on Oct. 16-18).
Similar changes in average H, concentration took
place during August 31-September 3, September
18-20, and October 22-28; no eruption followed
these changes, but episodes of volcanic tremor and
degassing events occurred at about the same times.
Conspicuously, no H, anomaly correlates with the
July 22 eruption.

These abrupt decreases in the daily average H, con-
centration, followed by abrupt increases, may thus
correlate generally with volcanic activity manifested
by eruptions, vigorous gas emissions, and (or) vol-
canic tremor.

A clue to understanding the causes of these changes
is that the H, concentration in the atmosphere becomes
greater than that in the ground (negative H; concentra-
tion in fig. 127). The concentration of H, in the at-
mosphere due to the emission through the ground is
presumably small, because H, would diffuse much
faster in free air than in the ground, and surface winds
would resupply air from outside areas. The main
source for atmospheric H,, in excess of the ground
concentration, is likely the plume from the crater. H,
probably diffuses rapidly from the plume to the at-
mosphere, perhaps within minutes of emission. The H,
emission through the ground, in contrast, may lag
behind the plume emission by hours to several tens of
hours, as discussed earlier. Therefore, after a major
emission of H, from within the volcano, the H, con-
centration in the atmosphere may become higher than
that in the ground at first; then the ground H; concen-
tration could match, or exceed (if the degassing dura-
tion were short), that of the atmosphere a day or so
later. This hypothesis can explain the observed
changes in average relative H, concentration.



ATMOSPHERIC H, FROM THE
CRATER PLUME

From the preceding discussion, the H, concentra-
tion in the atmosphere at the monitoring site is clearly
variable, and the magnitude of the variation is com-

Snlfll

parable to, or larger than, that of the ground emis-
sions. Unfortunately, absolute concentrations of H,
in neither the atmospheric air nor the ground can be
determined; only the difference was measured.
Nevertheless, we can estimate the minimum concen-
trations for both by assuming that changes caused by
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Figure 127.—Daily average of H, concentration in the ground relative to the ambient air at the H, monitoring site.
Negative values mean that the H, concentration is higher in the ambient air than in the ground. Arrows, Plinian erup-
tions; bars, degassing events; sinuous lines, volcanic tremor (University of Washington/USGS seismic computer file).
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the plume are slower and smoother, and the sensor
signal initially increases (fig. 125D), whereas changes
of H; emission from the ground are more irregular
and brief, and the sensor signal initially decreases.
Estimates of the amount of change in H, concentra-
tion due to emission through the ground have been
discussed earlier. The minimum concentration of H,
in the ambient air is obtained from the departure of
the sensor signal from the null voltage (6.2 mV)
toward larger values, that is, higher atmospheric H,
concentration. Such minimum plume contributions
of H; to the atmosphere are shown graphically in
figure 126. When the ground H, emission increases
temporarily, the H, levels in the ambient air can be in-
ferred by adding the amount ascribable to the ground
H; emission. Such inferred H, levels in the at-
mosphere are shown with dashed lines in figure 126.
Increases in the atmospheric H,, sometimes as much
as 180 volume ppm (Aug. 4), may be premonitory to
eruptions, vigorous degassing, and volcanic tremor,
except for the period preceding July 27 when no such
increases are recognizable.

The contribution to the atmosphere of H, at the
monitoring station by the plume is undoubtedly sub-
ject to the local winds. The orographic wind descend-
ing in the morning would bring the plume down and
contribute H, to the ambient air (at least 50 ppm H, at
1000 PDT on July 30), producing the diurnal varia-
tions in the H, sensor signal. When regional winds
blow the plume away from the south side of the
volcano, the atmospheric H, would not increase at
the sensor site. Southerly winds that prevailed before
July 22 may have prevented an increase in the at-
mospheric H; on the south side of the volcano before
the July 22 eruption.

Although H, oxidizes only slowly at temperatures
below several hundred degrees Celsius, and thus
would tend to remain in the atmosphere, we did not
anticipate that H, would be contributed to the am-
bient air from the plume in magnitudes comparable to
those in the ground, because of the high buoyancy of
H,. The observed results are contrary to this
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preconception and point strongly to the value of
monitoring H, in the ambient atmosphere near the
crater, if direct monitoring in primary fumaroles or
vents is not feasible. In the future, we plan to modify
our monitoring procedure at Mount St. Helens to per-
mit independent monitoring of H, in the atmosphere
and in the ground relative to an isolated reference gas
to separate plume effect from emissions through the
ground. Several locations spread around the crater
rim should be monitored, as was done by Noguchi
and Kamiya (1963) for sulfur and chlorine at Mount
Asama, to eliminate the regional wind effects. The
recorded H, concentrations from these stations
should be added and averaged for 24-hr periods to
alleviate the effects of both orographic and regional
winds.

CONCLUSIONS

The results of monitoring of H, at a nonfumarole
site on the south flank of Mount St. Helens indicate
the following:

1. H; is emitted from the volcanic system through
the flank of the volcano as well as through the central
vents.

2. The emission of H, through the ground at the
monitoring site lags behind the emission from the cen-
tral vent by tens of hours.

3. Some correlations of nonperiodic H, emissions
with magmatic activities manifested by eruptions,
vigorous degassing, and (or) volcanic tremor suggest
a magmatic origin of the H, rather than origin by
rock-meteoric water interactions.

4. Orographic winds cause smooth diurnal varia-
tions in the H, sensor signal by blowing the plume H,
down in the morning and up in the evening.

5. The H, emitted from the central vent may in-
crease a few days before an eruption.

6. Monitoring of absolute concentrations of H,
both in the ground and in the ambient air at three or
four sites around the volcano is necessary for more in-
formative H, monitoring.
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THE 1980 ERUPTIONS OF MOUNT ST. HELENS, WASHINGTON

THE CHEMISTRY OF GASES EMANATING FROM
MOUNT ST. HELENS, MAY-SEPTEMBER 1980

By THOMAS J. CASADEVALL and L. PAUL GREENLAND

ABSTRACT

Gas samples collected from fumaroles within the crater, from
the plume emanating from the crater, and from rootless fumaroles
on the pyroclastic flows, debris avalanche, and the blast deposit
contain the following gases in addition to air: H,O, CO,, CO,
SO,, H,S, COS, CS,, and CH,. Gas samples from rootless
fumaroles on the flowage deposits are dominantly air with trace
amounts of sulfur and carbon gases. Samples from the crater
fumaroles contained CO, to CO volume ratios of 147 + 10 (eight
samples). Samples from a high-temperature (828°C) fumarole
contained H,S as the only sulfur gas; samples from low-
temperature (less than 150°C) fumaroles contained both SO,
and H,S. From the ratio of CO, to CO, the oxygen fugacity of
the Mount St. Helens magma was calculated to be
log fo,= —13.3+£0.1 at 828°C. The high concentration of air in
the fumaroles in the flowage deposits suggests that entrainment
and heating of air and water during eruption of the pyroclastic
deposits may enhance the mobility of pyroclastic flows. The
abundance of H,S in the high-temperature fumarole samples,
together with calculated oxygen fugacity, suggests that sulfur is
released from the melt as H,S. The abundance of H,S is low
relative to SO, in the plume, which means that oxidation of H,S
to SO, occurs rapidly upon introduction of H,S into the
atmosphere.

INTRODUCTION

Gases emanating from Mount St. Helens after the
May 18 eruption until September were studied to

identify the major kinds of gaseous emissions and to
evaluate their importance in the volcanic process.
Fumaroles within the crater were presumed to have a
direct connection to magmatic heat and gas. Rootless
fumaroles in the flowage deposits (debris avalanche,
blast deposits, and pyroclastic flows) derive their heat
and gas from the flowage deposits themselves and are
no longer directly connected to the magma (Keith and
others, this volume). Before September, the crater
could not be entered to directly sample the fumarole
emissions, so remote monitoring techniques were
used to measure SO, (Casadevall and others, this
volume) and CO, (Harris, Sato, and others, this
volume) in the plume. Airborne measurements of
gases in the plume can be related directly to
measurements of gases from fumaroles within the
crater.
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METHODS OF STUDY

Twenty-eight gas collections were made from fu-
maroles in the crater, from the plume emanating from
the crater, and from rootless fumaroles on flowage
deposits during the 4 mo after the eruption of May
18. Gas samples were collected in Pyrex glass bottles
with Teflon stopcocks. Sample bottles were either
evacuated before sampling at fumaroles to allow cap-
ture of gas from the vent, or samples were pumped
through nonevacuated bottles having two stopcocks.
At most low-temperature (less than 150°C) fumaroles,
samples were collected through a Teflon tube inserted
in the opening of the fumarole. When a sampling tube
was not used, evacuated sample bottles were opened
directly in the stream of gas emanating from the
fumarole. For the high-temperature gas collections of
September 25, a 1-m-long, 2-cm-diameter titanium
tube was inserted into a fumarole along a crack and
allowed to heat for 5 min. The temperature at the bot-
tom of the tube was 828°C; the temperature of gas at
the top of the tube was 397°C. When the titanium
tube was removed from the crack, it had developed a
thin layer or crust of metallic luster.

Samples were analyzed at the USGS Hawaiian Vol-
cano Observatory 1 to 2 weeks after collection. Each
sample was analyzed by four gas chromatographic
techniques. A thermal-conductivity detector and a
Chromosorb 107 column were used to determine air
(N, + O, + Ar), CH,, CO,, H,S, and SO, at concentra-
tions greater than 0.01 percent. A flame photometric
detector and a Chromosil 310 column were used to
determine SO,, H,S, CS,, and COS at concentrations
of 5-100 ppm. A flame ionization detector and
molecular sieve 5A column were used to determine
CH, and CO (after conversion of CO to CH, using a
nickel catalyst) at concentrations greater than 5 ppm.
C; hydrocarbons were sought (but not detected, less
than 5 ppm) by a flame ionization detector and a
Porosil C/OPN column.

CO,, CO, CH,, SO,, H.S, CS,, and COS were
detected in the gas samples. H, and helium were not
determined. Water was observed in all samples, al-
though gas analyses are reported on a water-free
basis. Samples were collected by Casadevall, Green-
land, and N. G. Banks. Carbon isotope analyses were
performed by L. D. White.

RESULTS
SAMPLES FROM ROOTLESS FUMAROLES

Seven gas-sample collections were made from root-
less fumaroles on the blast deposit and debris ava-
lanche of May 18, and the pyroclastic flow of June 12
(table 12). Except for samples collected on July 1 from
the June 12 pyroclastic flow, all samples are domi-
nantly air. No analyses were made for halide gases,
although HF was qualitatively detected (by odor) in
fumaroles of the June 12 flow. There were small to
large amounts of CO, compared to ambient air (0.03
percent volume per volume) in emissions from all
rootless vents, and values range from 0.07 to 59.6
volume percent. CO was detected in samples from the
blast deposit and from the pyroclastic flow, and
values range from 4 to 30 ppmv (parts per million by
volume).

SO,, H,S, and CS; were detected in gases from the
rootless fumaroles. From the vents in the June 12
pyroclastic flow, sulfur gases ranged from less than
0.02 to 0.32 percent SO, and as much as 0.27 percent
H.S. The sample (TC-7) from the high-temperature
(184°C) fumarole contained more H,S than SO,,
whereas the low-temperature (97°C) fumarole sample
(TC-6) was dominated by SO,. Also, deposits of
native sulfur were observed more commonly on the
pyroclastic flow of June 12 than on the other
pyroclastic flows. CS, was detected in one sample
(TC-4) from the blast deposit.

The air, as well as the carbon and sulfur gases in
these rootless vents, may have several possible
sources: (1) air engulfed by the ash or debris during
emplacement; (2) outgassing of juvenile material
within the deposits; (3) outgassing of older rock
material, due to decarbonation and sulfidation reac-
tions when heated by juvenile material; and (4) com-
bustion of entrained organic debris. Air and water are
the major components of the gases evolving from
these deposits, which suggests that they were incor-
porated during emplacement. Heating and expansion
of the air and water may have contributed to the
mobility of the debris avalanche and pyroclastic
flows.

Sulfur gases do not seem to have been abundant in
emissions from the rootless fumaroles. CO, was an



Table 12. — Analyses of gas samples
[ppmv, parts per million by volume; >, greater than; < less than; leaders (----}, not measured or calculated; concentrations are volume per volume;
source: P, plume from dome, C, low-temperature (less than 150°C) cracks in rampart; HC, incandescent crack in rampart; PF, fumarole in June 12
pyroclastic flow below amphitheater; P-A, plume sampled from aircraft. L, not detected, less than 5 ppm; +, present but less than 5 ppm; ND, not deter-

mined)
Ar+0,+N co, co CH, 50, s lco,/  Zco,/ 350,/ Temperature
Sample Date Source  (percent) (percent) (ppmv) (ppmv) (ppmv)  (ppmv) co 80, HyS (°c)
Crater samples
NB-1 8/16/80 P-A 99.9 0.093 L + + L — -— -— -—
NB-2 8/24/80 P-A 100 .050 L + 8.0 L - - —-— ——
NB-3 8/28/80 P-A 99.9 .054 L + 7.0 + - -— -—= -——-
NB-4 8/29/80 P-A 99.9 .079 L + + L —-— —-— —-— —_—
PG-1 9/01/80 C 99.9 W11 5 + 82 8 156 6.4 10 <150
PG-2 9/01/80 C 100 .074 + + 49 8 ——— 5.8 6 <150
PG-3 9/03/80 C 96.3 3.56 224 + 1,440 77 158 16.6 18.7 <150
PG-4 9/03/80 P 100 .054 + + 30 10 -— —_— — —-_—
PG-5 9/03/80 C 98.7 1.31 88 + 11 + 145 >1,000 -— <150
PG-6 9/03/80 C 99.8 .17 9.6 + 78 7 144 12.0 11 <150
PG-7 9/03/80 C 100 .055 L + 350 29 -— - - <150
PG-8 9/03/80 C 100 .058 L + 58 8 - - —-— <150
PG-9 9/05/80 P 99.9 .075 + + 10 6 - ——- i -
PG-10 9/07/80 C 99.3 .70 48 + 10 + 140 >700 - <150
PG-11 9/07/80 P 100 .048 L + 40 L -—= - -— -—=
XG‘IZ 9/08/80 P 99.9 .13 7.8 + 36 + - - - -
TC-1 9/25/80 HC 83.8 15.9 1,080 + <50 2,300 147 - - 828
A1c-2 9/25/80  HC 85.1  14.7 950 + <50 1,800 154 - -— 828
ATC—3 9/25/80 HC 68.1 31.4 2,440 31 <50 2,300 128 ——= —_— 828
Rootless fumarole samples

Ste-4 5/28/80 Blast 99.8 0.11 19 + 400 L 41 1.9 - 141
TC-5 5/28/80 Blast 99.9 .081 30 + L L 16.3 --—- - 141
NB-5 6/14/80 PF 99.5 .17 ND ND 3,200 <200 —-— - - -
TC-6 7/01/80 PF 40.2 59.6 5 38 1,400 <200 -—= - - 97
TC-7 7/01/80 PF 61.1 38.7 4 12 <200 2,700 - —-— -—- 184
TC-8 6/15/80 PF 99.2 .78 ND ND <200 <200 - - -— 135
TC-9 6/15/80 Debris 99.9 .07 ND ND <200 <200 -—= -—= -— <180

1 €0, - 320 ppm/CO (volume ratio). 4 cos detected (less than 100 ppm).

2 €O, - 320 ppm/S0, (mass ratio). 5 CSy detected (less than 5 ppm).

3 80,/HyS (volume ratio).
abundant constituent of several samples. The §*C PLUME SAMPLES

values of CO, in samples collected from the June 12
pyroclastic flow range from -9 to —10 per mil
(PDB standard) and are depleted by several per mil
relative to either magmatic or atmospheric CO,
(63C= -7 per mil). This depletion suggests
some contamination from organic material. The
possibility of contamination by modern organic
debris seems unlikely, because of the lack of vegeta-
tion in this area since May 18, and considering that
the area is covered by pyroclastic flows of May 18,
May 25, and June 12. Some of the CO, may have
been derived by heating of carbonate or car-
bonaceous material in wall rocks at depth below the
volcanic edifice.

Ten samples of gas were collected either from air-
craft flying through the plume, or directly in the
plume from the rampart adjacent to the dome (table
12). All samples contained more than 99.9 volume-
percent air (Ar+ O, +N,). CO, levels ranged from 400
to 1,300 ppm, indicating enrichment of CO, in the
plume by as much as three times the levels in air. As
much as 7 ppm CO was measured in a plume sample
from over the August dome. SO, levels ranged from
less than 5 to 40 ppm. H,S concentrations ranged
from less than 5 to 10 ppm. The mass ratios of CO, to
SO, in plume samples range from 8 to 52 and are
higher than those detected by airborne remote
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monitoring, which range from 2 to 16 (Casadevall
and others, this volume; Harris, Sato, and others, this
volume). Because of the high levels of air in the
samples and the inherent problems of sampling a
plume (contamination by aircraft exhaust, for exam-
ple), it is difficult to interpret the significance of the
plume sample values.

CRATER SAMPLES

By September 1, 1980, we could enter the crater to
sample fumaroles. Within the crater were three types
of fumaroles: (1) those on the surface and at the
margin of the active dome; (2) those in cracks on the
tephra rampart adjacent to the dome; and (3) those
along the intersection of the crater wall and the floor.
Fumarole types 1 and 3 were not accessible during our
studies. The tephra rampart surrounding the August 7
dome covered the remains of the June 15 dome, which
was partially destroyed by the eruption of July 22.
The second dome appeared in the crater following the
eruption of August 7.

Eleven samples were collected from fumaroles on
the tephra rampart in the crater, eight from low-
temperature (less than 150°C) fumaroles in the tephra
rampart, and three from a high-temperature (828°C)
fumarole in an incandescent crack in the rampart
(table 12). The samples from the low-temperature
fumarole (PG-1, -2, -3, -5, -6, and -10) contained
more than 96 percent air in addition to CO,, CO,
SO,, H,S, and CH,. The volume ratios of CO, to CO
range from 140 to 158. CH, content was similar to
that of ambient air.

The high-temperature gas samples TC-1, -2, and
-3 were collected on September 25, 1980, from a
fumarole along a N. 35° E.-trending fracture in the
tephra rampart adjacent to the August 7 dome. In-
candescent solid rock, probably of the June 15 dome,
was visible in the crack and had a maximum
temperature of 838°C measured at a depth of 1 m.
The gases were probably derived from the still-
cooling June dome. The radial fracture extended to
the northeast for approximately 100 m and was 10 to
50 cm wide. The crack extended down into the dome
from 30 cm to more than 1 m, depending on the
amount of ash and blocks in the crack.

The high-temperature gas samples contain 68 to 85
volume percent air in addition to CO,, CO, CH,,
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SO,, H,S, and COS. Of note is the ratio of CO, to
CO, which ranges from 128 to 154 and is virtually
identical to the ratio of these gases in the low-
temperature crater fumaroles. In the high-tempera-
ture collections, H,S is the dominant sulfur gas, in
contrast to the low-temperature fumarole samples,
where the volume ratio of SO, to H,S ranges from 6
to 18.

DISCUSSION

Despite the large amounts of air in these collec-
tions, useful information can be obtained from the
ratios of CO, to CO. There is a strong correlation
(r=0.99) between CO, and CO in samples from
fumaroles within the crater (fig. 128). (CO,:CO
=147 +10; eight samples). The ratios for high-tem-
perature samples are statistically the same as those for
low-temperature samples, which suggests that the
ratio of CO, to CO has not been affected by cooling
of the gases. If we assume that this volume ratio
represents the proportion of CO, to CO as released
from the magma, we may calculate the oxygen fugaci-
ty in the magma by equilibrium constants calculated
from Robie and others (1978) and by:

CO+ % 0,=C0O, (1)
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CO, IN PARTS PER MILLION BY VOLUME

Figure 128.—Concentrations of CO, versus CO for gas
samples collected within the Mount St. Helens crater
during September 1980. Concentrations are in log units,
actual values are in table 12. Three samples were collected
at temperatures of 828°C and five samples were collected at
temperatures of less than 150°C.



The conditions of oxygen fugacity during degassing
(log fo,= —13.3+0.1 at 1,100K) are slightly more
oxidizing than the quartz-fayalite-magnetite buffer
(fig. 129). The oxygen fugacity calculated for Mount
St. Helens dacite magma is plotted (fig. 129) relative
to the equal concentration boundary of SO,=H,S.
This boundary has been calculated from equation 2 at
Pﬂuid = PH;O =0.5and 1 kb and XH;O =1

At 1 kb total pressure and the oxygen fugacity of
the Mount St. Helens magma, we can expect H,S to
be the dominant sulfur gas (H,S:SO, = 100)
released from the melt. This conclusion is supported
by the gas analyses (table 12), which show that H,S is
the dominant sulfur gas in the high-temperature
fumaroles. The position of the SO,:H,S equal-
concentration boundary is affected by the fluid
pressure (Pg) and the mole fraction of water in the
volatile phase of the melt (Ohmoto and Rye, 1979). A
decrease in the total pressure, such as might be due to
decompression of magma during ascent, or a decrease
in the mole fraction of water, such as might be due to
large increases in the concentration of CQO,, will shift
the SO, = H,S boundary to lower values of fg..
Therefore, during certain periods of activity, SO,
could be an abundant gas of sulfur derived directly
from the melt.

Study of the gas data suggests the following ther-
mochemical process of evolution of sulfur gases at
Mount St. Helens. H,S is the dominant gas of sulfur
released from the melt (H,S:SO, = 100). SO, is the
dominant sulfur gas measured in the plume, as well as
in low-temperature fumaroles in the crater. The
absence of large amounts of H,S in the plume suggests
that most, if not all, H.,S is efficiently oxidized to SO,
prior to its incorporation in the plume. We suggest
that this oxidation occurs shortly after H,S is
liberated from the magma, probably in the high-
temperature cracks in and adjacent to the dome. Con-
tinued oxidation of SO, to SOimay occur at am-
bient air temperatures after reaction of SO, with
steam, ground fog (clouds), ground water, or rain, to
form sulfurous acid:

SOz + H;O = HzSO3

Atmospheric oxidation of sulfurous acid may then
produce sulfuric acid:

Kilauea, Hawaii

Erta’Ale

LOG fO,

Merapi volcano,
Indonesia

—156 — -
| | 1
700 800 900 1000 1100

TEMPERATURE, IN DEGREES CELCIUS

Figure 129.—Log fo, versus temperature diagram for
selected volcanic systems. Mount St. Helens oxygen
fugacity calculated from ratio of CO, to CO. Hematite-
magnetite (H/M) buffer and quartz-fayalite-magnetite
(QFM) buffers shown for reference; CO,/CO equal-
concentration boundary calculated from thermodynamic
data in Robie and others (1978); SO,/H,S equal-
concentration boundary summarized from Ohmoto and
Rye (1979) at the condition of Py o= 0.5 kbar and 1 kbar,
and Xy o= 1.0. fo, versus temperature conditions for the
Pleistocene Bishop Tuff, California, from Hildreth (1979);
Erta’Ale volcano, Ethiopia, data from Gerlach (1980);
Kilauea volcano, Hawaii, data from Sato and Wright
(1966); Merapi volcano, Indonesia, data from LeGuern
and Gerlach (1979).

HzSOs + 1/2 Oz - HzSO4

The volume ratio of SO, to H,S in low-temperature
fumarole gas ranges from 6 to 18 (mass ratio 11 to
34). Since early June, SO, has typically accounted
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for as much as 90 percent of the total sulfur gas of the
plume during nonexplosive degassing, and H,S con-
stitutes the balance of the sulfur gas (Hobbs and
others, 1981). Also, a significant, but as yet un-
measured, portion of the sulfur gas released from the
melt is converted to sulfurous acid droplets or aero-
sols that ultimately can form sulfuric acid aerosols
(Woods and Chuan, 1980) and encrustations of vari-
ous sulfate minerals found in the crater (Keith and
others, this volume). Thus, not all of the sulfur gas
released by the melt enters the plume, where it can be
measured by airborne monitoring techniques now in
use (Casadevall and others, this volume).

CONCLUSIONS

The mass ratio of CO, to SO, in samples collected
in early September from the low-temperature fumar-
oles in the crater range from 5.8 to 16.6. During this
period, the mass ratio of CO, to SO in the plume was
about 6.0+ 1.0 (Casadevall and others, this volume;
Harris, Sato, and others, this volume). The similarity
between the CO,:SO, ratios of fumarole gases and
airborne measurements in the plume suggests that the
ratio of the gases measured by airborne methods does
indeed give information about the gases released
directly from the crater fumaroles. Oxidation of
sulfur gases appears to be the principal change that
occurs to the sulfur-carbon gases on release from the
melt.

The data presented here show that our gas-moni-
toring methods are indeed giving indications of the
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activity of volatile constituents in the Mount St.
Helens volcanic system. Future geochemical experi-
ments will help to clarify the role that volatile consti-
tuents play in driving explosive volcanic eruptions.
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THE 1980 ERUPTIONS OF MOUNT ST. HELENS, WASHINGTON

ANALYSES OF GAS SAMPLES FROM THE SUMMIT CRATER

By WILLIAM C. EVANS, NORMAN G. BANKS, and LLOYD D. WHITE

ABSTRACT

Gas samples collected from the plume consisted mainly of at-
mospheric air; H,, SO,, and volcanic CO, were at detectable
levels. Gas emitted from crater fumaroles contained H,O, CO,,
H,, H,S, SO,, CO, HCl, HF, and some air. Concentrations of
H,0, H,, CO,, and CO would have been at chemical equilibrium
at temperatures between 525°C and 650°C. §*C values of -10.4
per mil to -10.8 per mil (PDB) indicate that the CO, may have
originated in the mantle. The fumarolic water differs in 6D value
(-33 per mil SMOW) and 6'*0 value ( + 5.94 per mil SMOW) from
locally derived meteoric water (about -90 per mil in D and -12
per mil in *O), indicating a deep component in the fumarolic gas.

INTRODUCTION

The gas plume rising from the August lava dome in
the central crater persisted downwind for tens of
kilometers but varied greatly in appearance from day
to day. At times (as on August 20), it was almost
transparent, and the south wall of the crater was
clearly visible when viewed through the plume from
the north. At other times (as on August 23), visibility
through the plume was less than a few meters. We
sampled the plume during both types of conditions,
but the vents producing the plume were not accessible
for direct sampling.

After the October 16-18 eruptions destroyed the
August dome, an even larger dome formed in the
same area (Moore and others, this volume). Many
small fumaroles and cracks, radiating out from the
October dome, discharged gas from the crater floor.
The cracks were about 10-60 cm wide and tens of

meters long. Samples were collected from a small
fumarole 25 m northeast of the dome margin, from a
nearby crack, and from a large fumarole next to the
northwest margin of the dome. At a depth of 30 cm,
the crack was hotter than 400°C (mercury ther-
mometer), and hot enough to exceed the softening
point of the Pyrex sampling tube (approximately
565°C). Measured temperatures of several small
fumaroles were all approximately 93°C. Conspicuous
mineral encrustations were deposited around the
fumaroles (Keith and others, this volume). In contrast
to the cooler fumaroles, no visible condensate formed
above the cracks. Although collected at different
times, the geologic setting of these fumarole and crack
samples was similar to that of the samples collected
and analyzed by Casadevall and Greenland (this
volume).

SAMPLE COLLECTION

Most plume samples were collected from the edge
of the tephra rampart adjacent to the inner crater and
dome by reaching into the plume as it drifted upward
and then opening a ground glass stopcock on an evac-
uated 2-L glass bulb. We also collected a few samples
by helicopter, hovering in the plume 30-40 m above
the August dome.

In October, a small fumarole and a crack were
sampled by inserting to a depth of about 40 cm a
1.5-m length of 6-mm O.D. Pyrex tubing with a
right-angle bend into the orifice. This was connected
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to a glass U-tube immersed in a dry ice-ethanol slush.
A stainless steel valve was connected to the U-tube,
followed by a tee that accommodated both a 150-cc
evacuated glass sample tube and a 50-cc plastic
syringe with a three-way valve. The syringe was used
to evacuate the tee and to pull a known volume of gas
through the cold trap. This arrangement allowed only
cold dry gas to contact the stainless steel valve. The
internal volume of the collecting apparatus was 80 cc.
About 450 cc of dry gas was pulled through the cold
trap before opening the stopcock of the sample tube.
A milky condensate, which formed in the glass tube
just upstream from the cold trap while both the small
fumarole and the crack were being sampled, was
transferred to the cold trap after sampling was
complete.

The ground immediately surrounding the large
fumaroles was unstable, preventing close approach.
We sampled one large fumarole from a distance of
10-12 m through 0.25-in. O.D. aluminum tubing
(one end of which had been weighted and thrown
down into the fumarole). No attempt was made to
separate water vapor by freezing during collection.
The lack of any visible condensate in the glass sample
tube indicated that most of the water vapor con-
densed in the aluminum tubing.

METHODS OF ANALYSIS

The samples in glass tubes were analyzed by gas
chromatography, using Porapak Q and Linde Molecu-
lar Sieve 5A for all gases except SO,. Concentrations
of SO, were determined using a Teflon column packed
with polyphenyl ether and phosphoric acid on Chrom
T (Stevens and others, 1971). Samples were generally
analyzed within 2 weeks of collection. Plume samples
were reanalyzed after 10 days to check for loss of SO,
over time.

The CO,-equilibration method of Cohn and Urey
(1938) and the uranium technique of Bigeleisen and
others (1952) were used in the analysis for oxygen and
deuterium isotopes. Isotopic ratios of 2Q:1¢O, D:H,
and BC:2C were determined on a modified Nier
double-collecting, 6-in., 60°-sector mass spectrom-
eter (McKinney and others, 1950).

Water from the cold trap was filtered through a
0.45-um Millipore filter and analyzed for anions by
ion chromatography. Na+, K+, Ca+2, Mg*2, Al*3,
and Fe*? were analyzed by atomic-absorption spec-

trophotometry; H* and NHi were analyzed by
specific-ion electrodes.

PLUME ANALYSES

All the plume samples are compositionally similar,
within analytical uncertainties, to ambient air except
for higher concentrations of H;, CO,, and SO, (table
13). SO,, at the low concentrations present, may be
lost by adsorption or reaction in the sample tube;
repeat analyses after 10 days showed no change in
SO, concentrations, but some SO, might have been
lost prior to the initial analysis. The calculated
temperatures at which samples would be saturated
with water vapor (table 13) indicate that the two
samples collected when visibility in the plume was
only a few meters would be water saturated at low
temperatures (20°C and 12°C). Although plume
temperatures were not measured during sampling,
they were uncomfortably hot, and would have been
well above the water-saturation temperature;
therefore water droplets might not have been respon-
sible for the opacity of the plume. Clear, cold air was
continuously mixing with margins of the optically
dense plume, causing dilution that may have been
responsible for the low water contents in the samples.

FUMAROLE ANALYSES

The O,, N,, and Ar levels in samples from the small
fumarole and crack resulted mainly from air contami-
nation, although some N, and Ar may have come
from other sources. Air and air-saturated rainwater
may have circulated into the porous ash of the crater
floor and entered the fumarole below the sampling
point. The problem of air contamination in fumaroles
has been widely discussed (for example, Giggenbach
and LeGuern, 1976).

Water vapor was the most abundant constituent in
these fumaroles. Knowing the volume of dry gas
pulled through the cold trap and the amount of water
frozen out, we calculated the percent of water vapor
in the gas. Because only one trap remained unbroken
after reaching the fumarole area, it was used to
sample both the small fumarole and the crack. Thus,
the value for these samples is the average for both
sites. A total of 3.0 mL (0.17 moles) of water was re-
covered from the cold trap after 1.3 L (0.043 moles) of



Table 13. —Plume and fumarole analyses of gas from Mount St. Helens from August to November 1980
[Gas compositions are exclusive of H;O, HCl, and HF; na, not analyzed; leaders (---) indicate no analysis possible]

Date-------—~ Aug. 16 Aug. 16 Aug. 20 Aug. 23 Aug. 23 Aug. 24 Nov. & Nov. 4 Nov. 4 Nov. 4 &
Sample No.--- CQl45NB80 CQL44NB8O CQ171NB80O CQ172NB80A €Q172NB80OB CQ173NB80 CQ243IB80 CQ244IB80 CQ246IB80 CQ2471B80
Sample type-- Plume, Plume, Plume, Plume, Plume, Plume, Small Crack Large Large Ambient
dense, low dense, low transparent dense, blue, dense, blue, semi~ fumarole >4000C fumarole fumarole air
visibility visibility visibility visibility transparent at 93%
B3 m 3 m
Composition in volume percent
He--—-—mm—mme <0.005 na <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005
.007 na .005 .006 <,005 <.005 10.8 8.61 .79 1.74 <.005
.92 na .94 .93 .9 .94 .12 <.02 .89 .82 .93
21.1 na 21.0 21.0 20.9 21.0 2.72 .03 19.4 18.1 21.0
78.5 na 78.2 78.3 78.4 78.5 11.7 1.64 73.4 68.4 78.3
<.001 <0.001 <.001 <.001 <.001 <.001 <.0002 <.0002 <.002 <.002 <.0002
112 .0834 .0657 L0811 . 0407 .0438 76.5 86.6 5.74 1.1 .0324
<.01 <.01 <.01 <.01 <.01 <.01 <.01 <.01 <.01 {.01 <.o01
na na na na na na .49 .57 .03 .07 na
<.0005 <.0005 <.0005 <.0005 <.0005 <.0005 2.16 2.09 .12 .21 <.0005
.0028 .0015 .0017 .0006 .0002 .0005 .49 .84 .19 .40 <.0002
Totalj----—— 100.6 - 100.2 100.3 100.3 100.5 99.0 100.4 100.6 100.8 100.3
Gas properties
CO,/H, 4 4 4
(by volume)-— "11 - 6.7 8.1 - - 6.5 i0 7.3 6.4 -—
€0/50, 4 4 4 4 4 4
(by volume)-- 29 34 20 81 42 23 144 103 30 28 -—
Hy0 (percent
by volume
in original
gas)—=—=m==nm na na .72 2.3 1.4 .46 580 >80 na na na
Temperature(°C)
of saturation
with HZO ————— —-— -— 2 20 12 -4 - - - - -
60130 of CO,y
(per mil PDB) -10.7 -9.5 -9.1 -10.7 -8.4 -8.8 -10.7 ~10.5 -10.4 -10.8 -7.5
6D (per mil
B D e — na na na na na na 5-33.0 5-33.0 na na na
80,4 (pzr mil 5 5
SMOW) 7 =—=mm— na na na na na na +5.94 +5.94 na na na

lSampled from helicopter.
2Average of several analyses, to be used for comparison.
3Analytical error is #l percent.

ACOZ corrected for ambient air.

5Average value for both samples CQ243IB89 and CQ244IBB0 combined (see discussion in text).

6SMOW, Standard Mean Ocean Water.

dry gas at 0.78 atm and 15°C had been pulled through
the trap. Therefore, at least 80 percent of the
fumarole gas was water vapor. However, as much as
2.0 mL of water condensed in the first part of the ap-
paratus and could not be transferred to the cold trap.
Recalculating for this lost water indicates that, at
most, 87 percent of the fumarole gas was water
vapor.

After water vapor, CQO, is the next most abundant
constituent in the fumarole samples (table 13). Near-
surface reactions could produce all other observed
constituents of these gases, but the CO, is probably
derived from the magma at depth, as suggested by
depletion in *C by about -10.5 per mil relative to the
widely used PDB standard (Craig, 1953). Although
some CO, may be from shallow breakdown of or-

ganic material that is generally depleted in *C by at
least -20 per mil (Craig, 1953), the value of -10.5 per
mil is close to values proposed for mantle carbon of
-4.7 per mil to -8.0 per mil (Barnes and others, 1978).

Because we were unable to sample far down into
the large fumarole, samples from this site are mostly
air (table 13). Otherwise, these samples are similar to
those from the other fumaroles, except that relative
abundances of H,S and SO, are reversed.

DISCUSSION

Amounts of H,S and SO, in volcanic gases can be
controlled by the reaction

H,S + 2H,O = SO, + 3H, (1)
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with higher temperatures favoring higher SO,:H,S
ratios (Ellis, 1957). This reaction requires that an in-
crease in SO, relative to H,S be accompanied by a
threefold increase in H,. The CO,:H, ratios for the
large fumarole and small fumaroles are in the same
range, however, indicating that the different amounts
of H,S and SO, at these two sites cannot be due only
to different subsurface temperatures. Alternatively,
H.S could have been oxidized to S, SO,, or SO; prior
to filling the sample tube, as ample atmospheric O,
was present. Oxidation of H,S is favored by the com-
positions of the plume samples collected from the
August dome, which contained no detectable H,S,
although SO, was present, and the CO,:SO, ratios
were similar to that of the large fumarole sample.

Equation 1 shows that once some H,S has been pro-
duced by reaction of sulfide minerals with water, SO,
and H; can form. Oxidation of ferrous iron is another
source for H, (Clarke, 1916). H, can react with CO,
to form CO, H,O, and CH,. Two possible reactions
are:

CO; + H; = CO + H,O (2)

CH, + H,0 = CO + 3H, (3)

By substituting concentration values from table 13
and equilibrium constants for equation 2 at elevated
temperatures (Darken and Gurry, 1953), apparent
equilibration temperatures for reaction 2 are 525°C
for the small fumarole and 560°C for the crack. These
temperatures become 625°C and 650°C, respectively,
if the water vapor content were 87 percent. Similar
calculations, using equilibrium constants for equation
3 at these temperatures, show that with measured
values of H,O, CO, and H, from table 13, very little
CH, would exist at equilibrium. We cannot make
these calculations for the large fumarole because we
do not know the H,O content.

The filtrate analysis shows that the fumaroles con-
tained considerable gaseous HF and HCI (table 14).
These gases probably result from the following reac-
tion (Ellis, 1957):

H,;O + 2 NaX + SiO, = Na,SiO; + 2HX (4)

where X is either F~ or Cl-. The small amount of
SO, "2 in the filtrate may have originally been SO; or
a salt of some minor cation. Some of the encrusta-
tions that lined the throats of these fumaroles (Keith
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Table 14.—Analysis of fluid from cold trap
[Analysis of 3.0 mL of fluid at pH 0.8]

Constituent Content found in sample
umoles ug
n* -~ 475 480
Na* 10.0 230
x* 1.0 39
Mg*? 1.5 36
ca*? 5.4 216
NH4+ as N —————mmmmmmeeem <2 <30
at3 16.7 450
lpet3 1.4 78
2g- _— 123 2,340
c1” 583 20,700
350,72 13.8 1,320

1Tol:al iron in solution as Fe+3.

ZMostly in HF at this pH.
3Most:ly in HSO, at this pH.

and others, this volume) may have entered the sampl-
ing tube.

A light-yellow to white precipitate that formed
during our sampling of the small fumarole and crack
is mostly elemental sulfur, as shown by energy-
dispersive and diffraction X-ray analyses (T. Keith,
written commun., 1980). This sulfur may have been a
gas in the fumarole, or it may have formed in the col-
lection tube by the reaction (Giggenbach, 1975):

2H,S + SO, = 3S + 2H,0 (5)

The precipitate weighed 7.4 mg and, neglecting the
small amount of ash present, represents 230 umoles of
S. The amount of SO, and H,S collected through the
cold trap equals the total moles of gas collected (0.043)
times the fraction of SO, and H.S contained in the gas
(2.8 percent—the average of the small fumarole and
crack samples). This represents 1,200 umoles of
sulfur. Therefore, a maximum of 20 percent of the
sulfur entering the collection tube as H,S and SO,
could have reacted to form elemental sulfur.

The D and 20O values for the water collected in the
cold trap are -33 per mil and +5.9 per mil, respec-
tively, relative to SMOW (Craig, 1961). Barnes and
others (this volume) showed that the stable isotopic
composition of meteoric water in the Mount St. Helens
area is much lighter, about -90 per mil in D and -12.6



per mil in *O. The fumarolic water may also have
been isotopically fractionated during collecting due to
condensation upstream from the cold trap. Condensa-
tion would preferentially remove the heavier isotopes
(D and *O) from the gas phase, making the water
reaching the cold trap lighter than the water in the
fumarole. Therefore, the actual isotopic composition
of the water in the fumarole may be shifted even fur-
ther from meteoric water than these values indicate.
These values suggest that the fumaroles have a signifi-
cant component of metamorphic water, as well as
some meteoric water that has reacted at depth with
igneous rocks at high temperatures. Incorporation of a
brine such as discharges from the spring at Pigeon
Springs, about 30 km southeast of Mount St. Helens
(found to have 22,000 mg/L Cl—, -45 per mil in D, and
-4.29 per mil in *O; Barnes and others, this volume),
could be responsible for some of the HCl and the
unusual isotopic composition of the fumarole water.
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THE 1980 ERUPTIONS OF MOUNT ST. HELENS, WASHINGTON

PROPERTIES OF GASES AND WATERS OF DEEP ORIGIN
NEAR MOUNT ST. HELENS

By 1. BARNES, D. A. JOHNSTON, W. C. EVANS, T. S. PRESSER,
R. H. MARINER, and L. D. WHITE

ABSTRACT

Fluids discharging from depth in the Mount St. Helens area in-
clude a metamorphic brine, as represented by Pigeon Springs
water discharging from metavolcanic rocks to the west, CO, from
the mantle as represented by the CO, well field at Klickitat, and
CO; from the breakdown of organic matter as represented by the
gases from springs north and south of Mount St. Helens and in a
pond in the April 1980 crater.

INTRODUCTION

Carbon dioxide (CO,) is a major gas component in
some explosive eruptions (Johnston, 1980; Barnes and
McCoy, 1979), in some hot springs (White and
others, 1973; Mariner and others, 1975; Mariner and
others, 1980), and in discharges from cold volcanic
sources (Johnston, 1978, p. 78) and throughout the
world in seismically active areas (Irwin and Barnes,
1980; Barnes and others, 1978).

As a guide to the interpretations of the §*C com-
positions referred to the well-known PDB standard,
6*C values in the range + 3 to —3 per mil are typical
of marine carbonates (Craig, 1953) and values of —20
per mil and more depleted are typical of organic matter
(Craig, 1953). Mantle-derived 6**C lies in the range — 5
to —8 per mil (Pineau and others, 1976; Moore and
others, 1977). Meteoric water has isotopic composi-
tions given by the equation (Craig, 1961)

6D =86*0O+10

where 8D and 8*0O are the deuterium and oxygen
compositions in per mil relative to SMOW (standard
mean ocean water).

Methods used for analyses of the waters are sum-
marized by Presser and Barnes (1974). Gas samples
were collected in evacuated glass sample tubes with
high vacuum stopcocks and were analyzed with a gas
chromatograph. Strontium carbonate samples were
precipitated in the field and the CO, subsequently
evolved by treatment with H,PO,. All bicarbonate
titrations were done in the field except for the water
sample from the pre-May 18 crater, which was ti-
trated in the laboratory. Isotope analyses were made
by L. D. White in the laboratory of ]. R. O'Neil.

FIELD RELATIONS

Soda Spring, Mount St. Helens, and Government
Mineral Springs lie on a line (fig. 130) that extends
south-southeast to Mount Hood. Water was collected
on April 23, 1980, from a pond 15 m in diameter that
occupied the bottom of the summit crater of Mount
St. Helens. Gas escaping through the pond raised the
surface as much as 15 cm about 2 m from the shore of
the pond, and there was a strong odor of hydrogen
sulfide (H.S) in the crater.
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where water was collected for chemical and isotopic

analyses and gases were collected for chemical analyses.

The sampled well at the Klickitat CO, field, east of
Government Mineral Springs, discharges irregularly,
erupting CO, and gas-laden water for 3 min at half-
hour intervals. Pigeon Springs is to the west of
Government Mineral Springs (fig. 130) and southwest
of Mount St. Helens; the altered volcanic country
rock consists of quartz, chlorite, calcite, and albite, as
indicated by optical and X-ray study.

DISCUSSION

The isotopic compositions of the CO,-rich waters
at Government Mineral Springs, Soda Spring, the
Klickitat CO, well, and water from the pond in the
Mount St. Helens crater are all in the range of
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meteoric water (table 15; fig. 131). None of them
show the shift in *O expected from water that has
reacted with or exchanged isotopically with volcanic
rocks (Craig, 1963). The water at Klickitat is rela-
tively depleted in both *O and D, because it is farther
from the ocean along the path of air masses yielding
precipitation.

The isotopic compositions of the CO, being dis-
charged show two sources. For the CO, at Klickitat,
62°C is -5.38 to -6.10 per mil, a value characteristic
of CO; from the mantle. The other CO, discharges
are more depleted in *C, especially that from the
crater pond (-19.53 per mil), probably due to decom-
position of organic (woody) material incorporated in
older subsurface volcanic rocks. From the pH and
HCO;- values, the calculated CO, pressure that



Table 15.—Results of chemical and isotopic analyses of waters near Mount St. Helens, Wash.

[Chemical analyses by T. S. Presser, isotopic analyses by L. D. White (carbon, oxygen and deuterium) and Mark Heubner (*4SO,). Concentrations in
mg/L, isotopic compositions in per mil, D and 180 referred to SMOW, *C to PDB, and %S to CDM. Leaders (--), not determined)

Name—-—~——=====—— Klickitat CO, Well Government Mineral Pond in Mount St. Helens Soda Spring Pigeon Springs
Springs crater

Location——===—=m NW1/4 sec. 24, T. SW1/4 sec. 30, SEl/4 sec. 4, T. 8 N., NE1l/4 sec. 2, T. NE1/4, sec. 36, T.
4 N., R. 13 E., T. 5N., R. 7 E., R. 5 E., Skamania 10 N., R. 4 E., 7 N., R. 1 E.,
Klickitat County Skamania County County Cowlitz County Cowlitz County

Sample No.----- CQ291B80 CQ301B80 €Q79pJ80 CQ31IB80 €Q321B80

0 e 23 6 17 10 8

) 5.89 5.97 5.97 6.58 8.34

Specific conduct-

ance (mmhos) 1.36 3.65 W47 7.0 47.6

HyS———mmm-mmmms a 1 <1 <1 <

NH, (N)-------- <1 1.0 .35 6.3 2.9

Na——————mmmmmm 64. 420. 17. 1,350. 6,100.

| 10. 9.0 4.8 79. 6.9

T — 100. 75. 15. 93. 5.5

Cam—mm—m e 120. 260. 41, 220. 7,100.

HCOy——————--——- 1,070. 1,230. 52. 2,715. 18.

80y === 2. 120. 36. 2. 280.

Cl-m————mm 4.2 550. 97. 1,250. 22,000

| .34 .12 .60 42 <.5

$10y=-----==--= 140. 64. 37 94 9.2

| <. 15. <1 28. 3.0

Ummmmmmm e e <.0008 .0017 - <.0008 <.0032

Hg———mmmmmm e <.0001 <.0001 -— .0001 <.001

A} _____________ .003 — -— <.001 .001

6180 -15.90 -11.12 -12.57 -11.38 -4.29

[ -111.4 -82.3 -89.8 -84.1 -43.4

s'3co, gas----- -5.38 -13.95 - -13.10 -

s¢8o), gas----- +¥27.44 +31.36 - +31.79 -

s13¢ srcoy----- -6.10 -14.35 -19.53 7.97 -

69480, =======—= - -— +9.5 -— -

would be in equilibrium with the dissolved CO, is
0.05 atm, more than two orders of magnitude higher
than the CO, pressure in air.

In contrast to the CO,-rich meteoric waters at the
above locations, nitrogen-rich nonmeteoric water
discharges from Pigeon Springs. Neither the *O nor
the D concentrations at Pigeon Springs resemble those
of local meteoric water, nor do the isotopic composi-
tions plot on the meteoric water line (fig. 131). Pigeon
Springs water resembles metamorphic waters of non-
meteoric origin (White and others, 1973). In contrast
to the complex chemistry of most metamorphic
waters, Pigeon Springs water also resembles seawater
that has reacted with rocks to lose Na and gain Ca, and
its Cl concentration (22,000 mg/L) is similar to that of
modern seawater (19,000 mg/L CI). The negative 6D
of Pigeon Springs water is at variance with this inter-
pretation, however. All known silica-alumina
hydrates are depleted in D relative to water they are in

equilibrium with (Friedman and O'Neil, 1977, fig. 40),
and if seawater of O per mil deuterium reacted to form
chlorite, positive 6D values would result.

Although the origin of the saline water of Pigeon
Springs is unclear, its relations to the minerals of the
altered volcanic rock are known. The reaction states
of Pigeon Springs water with respect to possible coex-
isting minerals were calculated (table 17) by computer
(Kharaka and Barnes, 1973). The calculated states are
from the equation

AGR=RTIn(Q/K)

where AGR is the free-energy difference between the
equilibrium state and the actual state, and

R is the gas constant,

T is the temperature (absolute),
Q is the reaction quotient, and
K is the equilibrium constant.
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Figure 131.—Isotopic compositions of deep-origin
water samples and their relation to meteoric
water.

The states of reaction and the mineral composition
of the altered volcanic rock at Pigeon Springs are
compatible. The water is supersaturated with respect
to the quartz, chlorite, albite, and calcite that con-
stitute the altered volcanic rock and thus could be the
metamorphic fluid existing when the present minerals
of the rock formed. Although the water is super-
saturated with respect to many clays, they cannot
precipitate because the water is supersaturated with
respect to the minerals now in the rock, and hence a
free-energy barrier exists to clay-forming reactions.
Thus, the minerals found and the water described can
coexist indefinitely with no further reaction possible.
If, however, the brine is removed and fresh (meteoric)
water enters the rock, the calcite-low albite pair will
be incompatible and will react to form laumontite
(Barnes and others, 1978).
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Table 16.—Chemical compositions of gases, in volume
percent

Government Mineral Soda Spring Pigeon Springs

Name- Klickitat CO,
Springs

Well

He---- <0.02 <0.02 <0.02 <0.02
Hy=—=~ <.01 <.01 <.01 <.01
Ar---- .02 <.02 .02 .14
(7 S .22 .03 .17 .55
Ny---- .83 .60 1.10 99.44
CHy==—- .11 <.002 .12 <.005
COy——- 99.03 99.25 98.70 .06
CoHg—-- <.01 <.01 <.01 <.05
Total- 100.10 99.88 100.11 100.19
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Table 17.—States of reaction of Pigeon Springs water with respect to selected minerals
[States are (+), super saturation; (-}, unsaturation; and AGg values are in kilocalories]

Mineral bGg Q/K Mineral AGg Q/K
Adularia-—-—---—- 0.96  5.6x10° T -0.22  6.7x107}
Low albite-—-——- 1.32 l.1xto! Halloysite——~--—-——- -2.6 8.8x1073
High albite---—- -.20 7.0x107} R N —— 2.2 5.7x101
Analcime———--—--— -1.35  8.9x10-2 Kaolinite-——-——--—— 2.4 6.8x101
Andalusite———--- .10 1.2x10° Kyanite-——————====—=v .0 1.0x100
Anhydrite-—-—-—— -.69  2.9x107! Laumont ite-—-——-—-—- 6.6 1.3x10%
Anorthite-——-—-— -1.8 3.8x1072 Leucite - «mmmmmmmm—m -6.0 2.1x107
Aragonite-———-—- .96  5.6x10° Magnesite-—-~—~——-—- -3.3 2.9x1073
Boehmite—————~—— -.69 2.9x107} Microcline-————————- .96 5.6x100
Brucite———----—- -7.1 3.1x107° Monticellite-————-—— -10.9 3.6x1077
Calcite-————m=mn 1.0 6.0x100 Ca montmorillonite—- 3.2 3.4x102
Chalcedony——-=--- .07 1.1x10° K montmorillonite-—-— 2.3 6.9x10!
Chlorite——-——-—- 13.3 2.3x10! Mg montmorillonite—- 2.7 1.2x102
Chrysotile-—-——- -6.0 2.3x107° Na montmorillonite-— 3.3 3.7x10%
Clinoenstatite-—  —4.5 3.1x107% Muscovite-——-—=—-——— 11.7 1.3x10°
Corundum----——--= -2.0 2.6x1072 Nepheline-——-———==—— -3.9 1.0x1073
Dickite————-=——- 1.1 7.2x109 Quartz-—-——~—————m—mm .69 3.4x100
Diopside-—----—- -1.2 1.1x107} Talc 2.5 8.6x10!
Dolomite——-————- -1.4 7.6x1072 Wairakite———--—————- -1.4 7.3x1072
Forsterite——-—----— -13.2 5.0x10_11 Wollastonite-——-———-- -2.9 S.Axlo-3
Gibbsite-—~————v -1.4 7.8x1072
Mariner, R. H., Swanson, J. R., Orris, G. J., Presser, T. S., and tion of deep seated carbon: Earth and Planetary Sciences Let-
Evans, W. C., 1980, Chemical and isotopic data for water ters, v. 29, p. 413-421.
from thermal springs and wells of Oregon: U.S. Geological ~Presser, T. S., and Barnes, Ivan, 1974, Special techniques for
Survey Open-File Report, 13 p. determining chemical properties of geothermal water: U.S.
Moore, J. G., Bachelder, ]J. M., and Cunningham, C. G., 1977, Geological Survey Water Resources Investigations 22-74,
CO,-filled vesicles in mid-ocean basalt: Journal of Volcanol- 11 p.
ogy and Geothermal Research, v. 2, p. 309-327. White, D. E., Barnes, Ivan, and O'Neil, J. R., 1973, Thermal and
Pineau, P., Javoy, M., and Bottinga, Y., 1976, *C/22C ratios of mineral waters of non-meteoric origin, California Coast
rocks and inclusions in popping rocks of the mid-Atlantic Ranges: Geological Society of America Bulletin, v. 84,
Ridge and their bearing on the problem of isotopic composi- p. 547-560.
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THE 1980 ERUPTIONS OF MOUNT ST. HELENS, WASHINGTON

FUMAROLE ENCRUSTATIONS: OCCURRENCE,
MINERALOGY, AND CHEMISTRY

By TERRY E. C. KEITH, THOMAS J. CASADEVALL,
and DAVID A. JOHNSTON

ABSTRACT

Fumaroles associated with the 1980 eruptive activity of Mount
St. Helens occur (1) within the crater, where heat and fluids may
be derived directly from magma and from crustal rocks in contact
with the rising magma, and (2) as rootless fumaroles in the
flowage deposits, where heat and fluids are derived locally from
within the deposits. Much of the encrustation material was
deposited at temperatures less than 250°C as noncrystalline
yellowish films on ash particles and rock fragments and as encrus-
tations around fumarole vents. Encrustations are mostly red,
orange, yellow, and white. They begin to crystallize during cool-
ing and dehydration immediately after deposition. Common
mineral phases are sulfur, gypsum, halotrichite, and hematite.
Less common phases are sal ammoniac, thenardite, glauberite,
anhydrite, melanterite, alunite, and halite. Numerous unstable
and poorly crystalline phases in process of dehydration and
crystallization are under study. The major chemical components
making up the fumarole deposits are Cl, F, H,;O, SO, Fe, Al, Ca,
Na, K, and S.

INTRODUCTION

A fumarole is a vent that emits only gases and
vapor. Encrustations are the colorful yellow, orange,
red, and white deposits that generally surround fuma-
roles. Sublimate, a term often used for these encrusta-
tions, refers specifically to a solid phase deposited
directly from a gaseous state without going through a
liquid phase; the term is applicable to most encrusta-
tions, but not all.

Our study of fumaroles at Mount St. Helens
focuses on the occurrence and distribution of dif-
ferent kinds of fumaroles and the chemistry and
mineralogy of the encrustations. Reactions and prod-
ucts of hydrothermal alteration associated with the
1980 activity (Dethier and others, this volume) are
not considered here.

ACKNOWLEDGMENTS

Field studies were by T. E. C. Keith and T. ]J.
Casadevall, and by D. A. Johnston, who collected the
first deposits from the summit crater on April 23 and
analyzed the leachates. Identifications of mineral
phases and chemical analyses were made by T. E. C.
Keith, N. L. Nehring, T. S. Presser, D. P. Dethier,
and D. R. Pevear.

METHODS

Temperatures of fumaroles were measured at the
hottest accessible place in each vent. Gas and en-
crustation samples were collected simultaneously at
several sites (see Casadevall and Greenland, this
volume). The encrustation samples were sealed in
plastic bags in the field until ready for laboratory
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study by X-ray diffraction (XRD) and scanning elec-
tron microscope (SEM). An energy dispersive X-ray
analyzing system (EDAX) was used on the SEM to
determine qualitatively most of the chemical com-
ponents (most cations, Cl, and S) of the encrustation
phases. Some soluble phases may have dissolved in
water which condensed in the plastic bags. The hy-
dration states of aluminum chloride, aluminum
sulfate (+ iron), calcium sulfate, and iron chloride
probably changed somewhat during study. The color
of some encrustations has changed from pale green
(ferrous iron), to yellow, to orange, and finally to

pale brownish red, indicating that iron in these
hydrated phases oxidized after collection. Not all
crystalline phases have yet been identified; however,
the common morphologies and mineral phases have
been determined by SEM and XRD.

FUMAROLES AT MOUNT ST. HELENS

Fumaroles at Mount St. Helens occur (1) within the
crater, (2) on flowage deposits of the May 18 eruption
and on more recent pyroclastic deposits, and (3) on

Figure 133.—Radial fracture in the tephra blanket in the crater on September 16, 1980; the rock in and adjacent to the
fracture is light-pink oxidized dacite; the yellow encrustations form an outer zone beyond the oxidized dacite.
Temperature measured at a depth of 1 m in the fracture was 200°C. A, South-southwest view of fracture toward center of
crater. Ice axe at right is about 1 m long. B, Same fracture showing yellow encrustations outward from crack.
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the May 18 blast deposit (fig. 132). The fumaroles
within the crater may be connected directly with a
magmatic source of gas and heat. Fumaroles on the
flowage deposits and on the blast deposit are termed
“rootless” because they are not connected directly to
a magmatic source of heat or gas.

Prior to 1980, Mount St. Helens exhibited little
thermal activity. Phillips (1941) reported weak
fumarolic activity (T =88°C) at The Boot, at 2,740 m
elevation on the north flank. A second thermal area
at approximately 2,740 m elevation on the southwest-
ern flank of the volcano (T =89°C) was reported by
Friedman and Frank (1977). Both thermal areas were
destroyed on May 18.

Figure 134.—SEM photograph of yellow noncrystalline en-
crustation material from the radial crack of the tephra

blanket in the crater (sample MSH 9-16-80-1). The
material consists of Al, Cl, Ca, Fe, S, and water. Dehydra-
tion cracks and incipient crystallization develop as cooling
begins.
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Figure 135.—SEM photograph of hemispheres of bladed
crystals (S, Ca, Al, Fe hydrate) on poorly crystalline, part-
ly dehydrated crust similar to that shown in figure 134,

from encrustations along a radial crack in the tephra
blanket in the crater (sample MSH 9-16-80-1).

FUMAROLES WITHIN THE CRATER

Within the crater, fumaroles occur (1) on the surface
and at margins of successive dacite domes, (2) in
cracks of the tephra blanket adjacent to the dome
(fig. 133), and (3) along the intersection of the crater
wall and the floor. Types 1 and 3 were not accessible
during our sampling. Fumaroles of type 2 were studied
on September 16 and 25 during visits into the crater.

The first dome, initially observed on June 15, was
partially destroyed on July 22 (Moore and others, this
volume). A second dome appeared in the crater fol-
lowing the eruption of August 7; a tephra blanket sur-
rounded this dome and covered remnants of the June
dome. Cracks in the tephra blanket, first observed on



September 8, radiated northeast, north, and north-
west from the dome. The cracks were as much as
50 cm wide, and many opened appreciably between
visits on September 16 and 25. Incandescent rock,
probably of the June dome, was locally visible in the
cracks, and temperatures in them ranged from less
than 200° to 838°C. Gases responsible for the deposi-
tion of encrustations were also probably derived from
the June dome.

In the hottest (northeast) fracture, the crack walls
contained no encrustation coatings but had appar-
ently been slightly oxidized to a reddish, friable rub-
ble. Yellow encrustation material was abundant on
the surface a few centimeters outward from the cracks

(fig. 133). This material is noncrystalline and is com-
posed of Al, Cl, Fe, Ca, S, and H,O. Dehydration

cracks developed (fig. 134), and blades of a crystalline
material (Cl, Al, Fe, S, Ca, + water) began to form
(fig. 135), finally resulting in a fuzzy bladed coating
(fig. 136). Native sulfur was rarely observed as
crystals on the ground surface adjacent to major
cracks.

Deposition of a sublimate film from fumaroles with-
in the crater began at temperatures below about 250°C.
Rapid cooling of the almost colorless vapor produced a
pale-yellowish-brown stain on crack walls. The stain
did not obscure the textures of ash or rubble in the
crack (fig. 133A). This stain material is soluble in
water, has a high Cl-! content (N. L. Nehring, written
commun., 1980), and appreciable Fe*3, F-1, SO,-2,
and Al (T. S. Presser, written commun., 1980).

Volcanic ash collected by David Johnston from the

Figure 136.—SEM photographs of dark-yellow bladed crystals that make up the “fuzzy” botryoidal crust (Cl, Al,
hydrate) along radial fractures in the crater. These crystals developed from the noncrystalline and poorly crystalline
material shown in figures 134 and 135 (sample MSH 9-16-80-1F2). A, overall view showing botryoidal nature of blade
groups; B, detail of one group showing well-developed blade texture.
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summit crater on April 23, 1980, was coated with
similar yellowish film. Field analysis of the leachate of
this film material showed appreciable Cl-* and SO, 2.
SEM study showed only ash particles, but EDAX
analyses of the particle surfaces showed high Fe and
Cl content, which must have been in some material
forming very thin coatings on the ash particles.
Scarce gypsum crystals had formed on the surface of
one rock associated with the yellow deposit.

ROOTLESS FUMAROLES

Locations of rootless fumaroles on the flowage
deposits were controlled by features such as preerup-
tion surface drainage, contrasting permeability of
flowage deposits, and posteruption fractures pro-
duced by cooling or by settling of flowage deposits.
Most rootless fumaroles that were active more than a
few days were associated with pyroclastic flows that
extended from north of the crater to Spirit Lake or
with the debris-avalanche deposits in the North Fork
Toutle River east of the mouth of Coldwater Creek
(fig. 132).

Organic material (tree trunks, branches, and
needles) is common in the flowage deposits of May 18.
Where the deposits were hot, this material was distilled
to varied products with sweet, turpentinelike odors.
These distillates mostly escaped from individual small
fumaroles or rows of fumaroles, and the ash overlying
the organic material was discolored or coated by

Figure 137.—Fumarole deposit of sulfur and gypsum on
the June 12, 1980, pyroclastic flow (now covered by later
pyroclastic flows). Temperature of the fumarole on July 1,
1980, was 97°C.

244

brownish-red material. When temperatures were high
enough, the trees smoldered or burned. As tempera-
tures decreased, fumaroles over buried trees became
fertile places for growth of fungi, algae, and, eventu-
ally, new plants.

PYROCLASTIC FLOWS

Each pyroclastic flow had associated fumarolic ac-
tivity. Temperatures were as high as ~850°C in these
flows (Banks and Hoblitt, this volume), but fumarolic
encrustations do not appear to have formed until the
near-surface zone (less than 1-m depth) cooled to
about 250°C or less. Of the pyroclastic flows ex-
amined (5/18, 5/25, 6/12, 7/22, 8/7), only the flow
of June 12 contained solfataric fumaroles (fig. 137),
distributed evenly over its surface at roughly 1- to
1.5-m spacing. These solfataras developed within a
day of emplacement of the flow and persisted for
several weeks before sulfur deposition declined.
Gases from these fumaroles consist mostly of air and
steam (Casadevall and Greenland, this volume).

Encrustations at fumaroles on pyroclastic flows are

Figure 138.—Sample MSH 5-29-80-14 of dacite cobble
from fumarole with temperature of 141° when sample was
collected on debris avalanche. Dark-red iron hydroxide
was deposited first at high temperature. Yellow encrusta-
tions, consisting mostly of calcium sulfate in various
hydration stages, were deposited in the cooler zone away
from the orifice. Scale at top is in centimeters. Table 18
gives trace-element analyses of this sample.



typically crusted with nearly white deposits, tinted
with reddish iron oxides or hydroxides. Most contain
an assemblage of gypsum and (or) anhydrite, iron ox-
ide (hematite) or iron hydroxide, and native sulfur.
Low-temperature fumaroles on the pyroclastic flows
are yellow, as they are coated with native sulfur
(fig. 137).

Iron leached from mafic material in dacitic ash is
precipitated as an orange to red coating on the material
through which the vapor passes. The red iron-rich
coatings are deposited at high temperatures, usually
during the initial stages of fumarolic activity (fig. 138).
Metallic trace elements are also present in the dark-red
coating from sample MSH 5-29-80-14 (T =141°C;
table 18). At high temperatures this reddish material is
hematite; at lower temperatures it is amorphous iron
hydroxide (fig. 139). Yellow encrustations (table 18)
deposited over the dark-red material contain much

A,-

lower concentrations of metallic trace elements,
especially Ag, B, Ba, Cu, Zn, Zr, and Ga. Fumaroles
11 and 12, near the west edge of the May 18 pyroclastic
flow, also exhibit this type of deposit. Anhydrite
needles partly coated with anhedral blobs of alunite
(probably natroalunite, fig. 140) form a later white
deposit on iron oxide associated with fumarole 12
(now buried).

BLAST DEPOSIT

Rootless fumaroles in the blast deposit generally
had temperatures below 150°C and were most com-
mon within a few kilometers of the crater, where the
blast deposit is thickest. Feeble steaming at such
fumaroles generally lasted only a few days to a few
weeks, probably because the blast deposit was thin
and cooled rapidly.

B

Figure 139.—SEM photographs of botryoidal iron hydroxide coating on ash particles (in this photograph a pyroxene
grain). The thin, brick-red deposits on the dacitic pumice fragments of the pyroclastic flows consist largely of this
material. Sample MSH 6-15-80-15C. A, iron hydroxide partly broken away from a pyroxene crystal; B, high magnifica-

tion of same material to show texture.
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Figure 140.—SEM photographs of anhydrite needles with later deposits of alunite (identified by XRD). This material
crystallized as wispy, white crystals on a thin, red hematite-iron hydroxide deposit around fumarole 12 in the pyroclastic
flow (sample MSH 7-1-80-12D).

DEBRIS AVALANCHE

The debris avalanche is composed of material from
the pre-May 18 edifice of Mount St. Helens mixed
with sparse gray dacite from the 1980 cryptodome
(Voight and others, this volume). These blocks of
gray dacite showed little alteration or vesiculation,
suggesting that they were not the major source of the
volatiles responsible for the encrustations around the
rootless fumaroles on the debris avalanche. Fuma-
roles on the debris avalanche had maximum meas-
ured temperatures of 125° to 150°C and cooled with
time (fig. 141).

Fumarole 6, from the debris avalanche (fig. 141),
was sampled on July 1, 1980, when the maximum
temperature was 94°C. The encrustations consisted of
an orange to yellow-orange deposit in the hottest
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area, grading outward to a greenish colloform
deposit, surrounded by a zone of abundant white,
gelatinous colloform material. A dark-gray outer
zone resulted simply from water wetting the light-
gray dacite ash. When the same fumarole was
resampled on September 16, 1980, the maximum tem-
perature was 69°C, and almost all orange and yellow
color was gone (fig. 141B). The configuration of the
fumarole was the same, however, and the encrusta-
tions consisted almost entirely of white colloform
gypsum. The outer limit was still dark gray because
of moisture. The yellow to orange material is mostly
poorly crystalline and consists of S and Al with or
without Cl, Fe, and Ca (fig. 142). As dehydration
cracks develop in the material, hydrous calcium
sulfate (containing much more water than gypsum)
crystallizes (fig. 143). If dehydration continues, the



Table 18.—Semiquantitative spectrographic analysis of
sample MSH 5-29-80-14, from fumarole in debris flow on
northwest flank of Mount St. Helens

[Maximum measured temperature was 141°C. Figure 135 shows different
colors of encrustations analyzed. Analyst: Chris Heropoulos]

Element Yellow Red Element Yellow Red
material material material material
Data in weight percent Data in parts per million
Si 2 10 Sr 200 200
Al .7 3 Te <1 <1
Na 1 1.5 U <150 <150
K .3 D v 150 200
P .1 3 W <10 <10
Fe 3 5 Y 100 100
Mg <5 ) Zn 30 100
Ca 3 3 Zr 10 50
i .1 «15 Ce 100 100
Ga 7 20
Data in parts per million Ge <l <7
HE <50 <50
Mn 700 700 Ih <l.5 <l.5
Ag 1 1.5 Li <100 <100
As <2 2 Re <7 <7
B 50 200
Ba 30 100 Ta <50 <50
Th <150 <150
Be <.7 <.7 Tl <2 <1
Bi <e2 <2 Yb 7 7
cd <.3 <3 Pr <20 <20
Co 7 10
Cr 15 15 Nd <20 <20
Sm <50 <50
Cu 50 200 Eu €1 <1
La 150 100 Gd <5 <5
Mo <2 L) Tb <100 <100
Nb <10 <10
Ni 10 7 Dy <20 <20
Ho <5 <5
Pb <7 10 Er <30 <30
Pd <1 <1 Tm <2 <2
Pt <5 <5 Lu <15 <15
Sb i zl
Sc 10 7 Hg <1 <1
Sn <2 <2 Se <5 <5

stable product seems to be gypsum (fig. 144). Other
phases that ultimately crystallize as the system cools
are halotrichite (fig. 145) and hydrated aluminum
sulfate. Native sulfur crystallizes on some deposits of
this type as cooling continues, but little sulfur is pres-
ent in fumarole deposits on the debris avalanche. The
yellowish deposits consist largely of gypsum covered
with a thin yellow coating, which seems to be non-
crystalline and composed of iron and chloride with or
without sulfate.

Figure 141.—Orange-yellow encrustations deposited from
fumarole 6 in the debris flow. A, Appearance on July 1,
1980, was conspicuously zoned; temperature was 94°C.
Yellow area was about 3 m across. B, By September 16 the
yellow coloration had nearly disappeared, the temperature
had cooled to 69°C, and the white encrustations had
crystallized to gypsum.

DISCUSSION

Fumaroles at Mount St. Helens apparently evolve
in a predictable chemical and mineralogical pattern.
For fumaroles with temperatures below about 250°C,
most encrustations are white to yellowish orange and
are first deposited as thin, noncrystalline deposits on
rock fragments. Continued deposition results in a
deposit of amorphous, often gelatinous material,
typically colloform in appearance. With decreasing
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temperature and time, these deposits begin to crystal-
lize and dehydrate through a series of unstable
phases. Some phases are water soluble and easily
leached by rain or surface drainage. The most stable
phases that remain are gypsum, anhydrite, sulfur,
hematite, and iron hydroxides. All minerals identified
from Mount St. Helens fumaroles to date (table 19)
have been found previously as fumarole encrusta-
tions. (See Stoiber and Rose, 1974, for an excellent
review.) The principal anions identified are Cl-! and
SO,~2, and the principal cations are Fe*2, Fe+3, Al+3,
Na+*, Ca*2, and K+; minor constituents are not yet
known. Sulfur is the only element found in the native
state. Nearly all phases are hydrous, but the extent of

Figure 142.—SEM photograph of botryoidal, non-
crystalline hydrate of S, Al, Cl, and Fe showing concentric
dehydration cracks (sample MSH 7-1-80-8B). This
material forms abundant yellow encrustations around
fumaroles in the debris avalanche.
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Table 19.—Minerals identified from fumarole encrusta-
tions at Mount St. Helens

Mineral Chemistry {gtziiiil fgzg' Analysts?
Sulfur S C,Dy,P=——- <115 All.
Gypsum—-——---- Caso, 2H20 —————————— Cc,D,B,P-- Variable All.
Anhydrite---- CaSOu P <117 TK.
Thenardite-—- NaZSO(4 P 82-100 DP,DD.
Melanterite-- FeSO ‘7H_ O P <260 DP,DD.
Glauberite-—- NaZCa(SOQ)2 P <260 DP,DD.
Natroalunite (Na,K)Ala(SOu)Z(OH)6 Pe—————— <117 TK,DP,DD.
Hematit FeZO3 D,P 193, <260 TK,DP,DD.
Fe hydroxides- D, B Variable TC,TK.
Halotrichite FeAlZ(SOM)“'ZZHZO--— B 141 TK.
Unnamed

(ASTM 23-128) CaSON'15H20 B 141 TK.
Halite NaCl, P <260 DP,DD.
Sal ammoniac NHuCl- P 96, 178 TK.

1 C, crater; D, debris flow; B, blast deposit; P, pyroclastic

flows.
2 1K = Terry Keith; TC = Tom Casadevall; DD = David Dethier;

DP = David Pevear.

hydration is still under study.

Most encrustations are deposited from fumaroles
with temperatures below 250°C. In general, fumaroles
on the debris avalanche were initially cooler (less than
100°C) than those on the pyroclastic flows and in the
crater. This difference in temperature is reflected in
the mineralogy of the encrustations: those from the
pyroclastic flows tend to have hematite; native sulfur
and gypsum occur in both types of fumaroles; the
higher temperature encrustations typically contain
abundant chlorides and sulfates of Ca, Fe, and Al;
and the hottest fumaroles adjacent to the dome en-
tirely lack encrustations. These data support the
observations of Stoiber and Rose (1974, p. 513), who
found that encrustations deposited at high tempera-
tures are generally less abundant than those deposited
at lower temperatures.

Most fumarolic encrustations at Mount St. Helens
are yellow to orangish yellow. Commonly, these are
described by field observers as sulfur, but the color is
generally due to hydrated chlorides and sulfates of Fe
and Al. Only rarely did sulfur occur with a mineral
other than gypsum. For example, fumarole 7, in the
debris avalanche, had cooled to the point where it no
longer deposited chloride-bearing minerals, and



sulfur was apparently deposited over the earlier
chloride assemblage. In the hotter fumaroles in the
crater area and on the pyroclastic flows, encrusta-
tions are commonly buff to white with patches of
iron-rich reddish-brown material.

Studies of burning refuse piles at coal mines
demonstrate that mineral assemblages reminiscent of
volcanic sublimates can be produced by heating fine-
grained sedimentary rocks (Dunrud and Osterwald,
1980; Finkleman, 1978). Many elements (alkaline
earths, halides, sulfur, metals) are easily leached from
fine-grained sediments and volcanic rocks by hydro-
thermal solutions with neutral or slightly acidic pH
(Ellis and Mahon, 1967). Thus, many requisite com-
ponents of fumarolic encrustations on the debris-

Figure 143.—SEM photograph of a bladed crystal of
hydrous calcium sulfate containing minor amounts of Fe
and Al forming from botryoidal yellow noncrystalline
material shown in figure 142 (sample MSH 7-1-80-6B).

avalanche deposits may be derived by heating the
older rock of Mount St. Helens in a water-rich en-
vironment. Much rock was already heated and partly
altered in the pre-May 18 hydrothermal system, and
water from streams, marshes, and lakes could become
an effective hydrothermal fluid capable of leaching
cations and anions from rocks of the debris ava-
lanche. Fumarolic encrustations could form following
cooling of this fluid upon reaching the ground
surface.

White and Waring (1963) pointed out the problems
of determining which components of fumarolic en-
crustations were precipitated from vapor and which
were derived from acid attack on surrounding rock
particles. Our studies are continuing on this problem.

L

Figure 144.—SEM photograph of a group of gypsum
crystals (sample MSH 7-1-80-8B). Clear to pale-yellow
crystal groups of this type form on the darker yellow
material shown in figure 142.
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Figure 145.—SEM photographs of clear, fibrous bundles of
halotrichite (FeAl,(50,).°22H,0) crystals, which crystallize
on white colloform hydrous calcium sulfate encrustations
(sample MSH 7-1-80-6A). A, radiating crystal groups and
some bent crystals; B, more detail of needles showing fresh,
unleached appearance. C, Greater magnification shows that
needles actually consist of fibrous bundles.
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THE 1980 ERUPTIONS OF MOUNT ST. HELENS, WASHINGTON

USE OF ASH LEACHATES TO MONITOR GAS EMISSIONS

By NANCY L. NEHRING and DAVID A. JOHNSTON

ABSTRACT

The S:Cl ratio of volcanic gases at Mount St. Helens was
monitored, beginning on March 28, by leaching ash samples in
water and analyzing the leachate for SO, and Cl. The ratio grad-
ually increased from March 28 to May 18; leachate samples from
ash of the major eruptions after May 18 yielded erratic results.
The major components of the leached material were CaSO, and
NaCl, probably produced by rapid reaction between acid
volcanic gas and ash; leachable trace elements were probably
derived from both the gas and the ash.

INTRODUCTION

A promising technique for monitoring volcanic ac-
tivity is measurement of changes in gas composition.
A 30-fold increase in S:Cl ratios preceded a major
eruption at Mount Asama, Japan, by 2-3 weeks
(Noguchi and Kamiya, 1963). Fuego Volcano, Guate-
mala, has shown as much as a five-fold increase in
S:Cl before major eruptions, the magnitude of change
in S:Cl correlating with eruption size (Rose, 1977). At
Kilauea Volcano, Hawaii, Cl:F ratios and He and H,
concentrations have changed prior to eruptions
(Naughton, Finlayson, and Lewis, 1975; Naughton,
Lewis, Thomas, and Finlayson, 1975; M. Sato, oral
commun., 1980). Increases in H, content have also
been correlated with eruptions at Hekla, Iceland (M.
Sato, oral commun., 1980).

Frequent eruptions of ash and the danger of ice and
rock avalanches prevented direct sampling of gas

vents inside the crater at Mount St. Helens from the
onset of activity on March 27 through May 18. Place-
ment of remote sensing equipment, such as that used
by Noguchi and Kamiya (1963) or the H; sensor of
Sato (Sato and McGee, this volume), would not have
been effective on the crater rim because of variable
winds and rapid enlargement of the crater. Moreover,
ash eruptions would have destroyed equipment
placed in or near the crater. Sampling of gases was
thus limited to the eruption plumes, where gases are
highly diluted by air, and to ash, which scavenges
some of the more reactive gases. Because the plumes
were small during eruptions prior to May 18, a gas-
monitoring program was established based on leach-
ing of ash for scavenged gases.

Magmatic gases that are unstable in the atmosphere
(such as SO,, H,S, and HCl) will react to form stable
compounds. Of the magmatic sulfur gases, SO, is
especially unstable; it rapidly forms an aerosol of li-
quid H,SO, droplets (half time of approximately
4 min (Dana and others, 1975)). Such H,SO, droplets
have been observed in volcanic gas plumes (Cradle
and others, 1971). H,SO,, a very efficient desiccant,
absorbs water vapor and other acid components from
the plume. The aerosol becomes adsorbed on ash par-
ticles, and the acids form salt crusts by leaching ions
from the ash (Taylor and Stoiber, 1973; Rose, 1977).
Scanning electron micrographs show salt encrusta-
tions on fresh ash (Rose and others, 1973).
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METHODS AND RESULTS

Ash samples were leached with distilled water and
the leachate was analyzed for Cl (chloride), F, SO,,
and pH (table 20). Because it was not known how
long before a major eruption the CI:S ratios might in-
crease, and because large changes were expected, SO,
and Cl were analyzed in the field to obtain rapid
results. Therefore, fast portable methods were
chosen.

Usually, 20 g of ash was stirred with 50 mL of triply
distilled water for 1 hr. Less than 20 g of ash was

available for some March and April 1980 eruptions,
so ash and water concentrations were adjusted. The
ash was allowed to settle briefly and the pH measured
to 0.1 pH unit using a portable meter. The sample
was filtered with Whatman 50 paper, then with
5 micron cellulose acetate paper if the filtrate was still
cloudy. The sample was analyzed for SO, by the tur-
bidometric method. The Spectrokit Reagent System
for SO, and Spectronic Mini 20 spectrophotometer
were used. The mercurimetric method was used for
Cl determination (Brown and others, 1970). Fluoride
values were determined using a specific ion electrode.

Table 20.— Analyses of SO,, Cl, F, and pH, Mount St. Helens ash, March 28 to August 7, 1980
[Analyses by N. Nehring, D. Johnston, and H. Glicken; n.d., no data]

Sample Date Date Locality; Weight Water
No. erupted collected Collector description ash used pH Cl F 80, s:Ci
(g) (mL) (mg/L) (molar)

DSH2 March 28 March 29 R. B. Waitt—-—————— NE1/4SEl/4 sec. 35, T. 8 N., R. 6 E.; 14.46 70 5.7 10 1.1 5 0.18
from leaves.

DSH4 March 30 March 31 --do——-—-<=-comceeuu NW1/4SWl/4 sec. 29, T. 7 N., R. 6 E.; 10.30 50 5.4 10 2.1 5 .18
Swift Reservoir from leaves; washed
with acetone before received.

DSH13 April 4  April 4  =-do=—==———m——meneoo NE1/4NW1/4 sec. 13, T. 9 N., R. 4 E.; 4,82 30 6.5 60 1 48 .30
on Highway 504, air fall.

SH9 April 11 April 11 R, Moore———--—-——-—-—- NEL/4NW1/4 sec. 9, T. 8 N., R. 5 E.; 19.08 50 4.4 330 2.5 180 .20
Summit .

Station 10 April 16 April 16 A. M. Sarna-Wojcicki NE1/4NW1/4 sec. 9, T. 8 N., R. 5 E.; 20.85 50 5.0 100 1.8 115 .42
Summit .,

42380-2 April 23 April 23 D. A. Johnston—----- SE1/4 sec. 4, T. 8 N., R. 5 E.; 19.90 50 5.4 15 .9 20 .49
west side summit, wet.

43080-4 April 30 April 30 --do-=—==—=--m———aee Crater rim 20 50 3.9 115 n.d. 230 .74

RBW80~-40 May 18 May 19 Sec. 18, T. 12 N., R. 3 E.; 19.52 50 6.7 330 1.2 700 .78
Mossyrock; burnt wood smell.

RBW80-41 May 18 May 19 e L Sec. 2, T. 12 N., R. 4 E.; Morton; 19.48 50 6.3 335 1.4 1000 1.10
burnt wood smell.

RBW80-42 May 18 May 19 —=do——m—mm e Sec. 8, T. 12 N., R. 7 E.; Randle; 19.49 50 6.5 340 1.3 860 .93
burnt wood smell.

RBW80-43 May 18 May 19 —=do=mmmmm e Sec. 15, T. 12 N., R. 8 E.; burnt 19.50 50 6.6 310 1.4 800 .95
wood smell.

RBW80-45 May 18 May 19 i L Sec. 23, T. 12 N., R. 5 E.; 1l mi 19.48 50 6.5 375 1.2 600 .59
northeast of Davison Lake, burnt
wood smell.

Wood 1 May 18 May 20 S. Wood=—===m=—mm—mu Moscow, Idaho, Federal Building----- 18.42 50 5.6 150 2.2 300 74

Mt. Adams May 18 May 18 R. L. Christiansen-- Mt. Adams, burnt wood smell-—-------- 21.81 50 5.6 230 1.3 800 1.28

DZ220.20 May 18 May 20 D. Dzurisin--—--—-—== 20 mi north of Yakima, oven dried—-—- 20.20 50 n.d. 115 a.d. 240 .77

518 May 18 May 18 T. Newcombe-——=====- Near Starbuck, Wash,-—=—=-—==————-— 17.21 50 6.1 170 n.d. 410 .89

RBW80-77A  May 18 May 23 R. B. Waitt—————==wm- Sec. 30, T. 11 N., R. 8 E.; Road 123 20.41 50 7.2 255 1.5 960 1.39
and Smooth Rock Creek, wet.

RBW80-77B  May 18 May 23 ——do——————mm——————e Sec. 30, T. 11 N., R. 8 E.; Road 123 17.70 50 7.2 6 1.2 20 1.23
and Smooth Rock Creek, damp pumice.

RBW80-77C  May 18 May 23 —=do-=—mmm e Sec. 30, T. 11 N., R. 8 E.; Road 123 18.16 50 7.7 8 1.2 10 .46
and Smooth Rock Creek, damp.

RBW80-77D May 18 May 23 —=do-—————————m e Sec. 30, T. 11l N., R. 8 E.; Road 123 18.26 50 8.2 10 1 18 .66
and Smooth Rock Creek, wet.

RBW80-132D May 25 May 30 4o~ m————————— Sec. 9, T. 9 N., R, 5 E.; 2 mi west 17.94 50 7.5 12 n.d. 10 .31
of Spirit Lake, damp pumice ground
to 1/8 in. in lab.

525 May 25 May 25 T. J. Casadevall---- Vancouver, Wash 11.15 25 5.8 120 n.d. 125 .38

RBW80-165 June 12  June 12 R. B. Waitt --do 21.22 50 4.2 275 n.d. 100 .13

612 June 12 June 12 T. J. Casadevall---- --do 8.32 25 4.7 140 n.d. 48 .13

615 June 12 June 15 3600 ft, warm 20 50 6.1 25 n.d. 60 .89

620 June 12 June 12 3960 ft, warm- 20.14 50 7.5 5 n.d. 16 1.18

MPD12 July 22 August 8 Toppenish: 21.56 50 5.5 25 n.d. 100 1.48

MPD2C August 7 August 8 Mossyrock: 21.03 50 5.0 65 n.d. 40 .23
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Table 21.—Elemental composition of selected ash
leachates

[The following elements were not detected above the detection limits

reported in parentheses (ng/g): Zr (10), Be (1), Rb (15), As (100), Se (25),

Bi (5), Cd (0.5), Sb (100), Co (2.5), Cr (1), Pb (20). Cation analyses by

J. Buchard and D. Vivit]

Sample No.-- DSH2 St 10 42380-2 RBW80-42 RBW80-45
ug/g ash

50“ 2.4 27 5.0 220 150
cl 4.9 24 3.8 87 96

F .53 .43 .23 .33 31
Si 6.3 .74 1.6 1.4 1.2
Na 2.5 9.4 3.8 51 54
K 1.0 2.6 1.3 8.7 9.0
Ca 2.3 10 1.4 74 75
Mg .73 3.4 48 9.0 9.5

ng/g ash

Li 50 25 25 97 160
B 19 50 38 190 210
Hg 1.0 .5 .5 8.7 1.7
Mn 17 230 30 1400 1500
Al 870 110 14 2.5 4.4
Cu 7.3 20 1.8 1.7 2.0
Zn 29 16 8.8 4.4 6.2
St 9.7 60 700 460 360
Ti 47 3.0 3.0 22 23
Fe 77 10 10 10 10
Ba 12 19 220 41 51
Ni 2.0 2.9 1.8 3.6 4.1
Mo 1.5 1.0 1.0 1.2 3.6
v 2.5 1.5 1.5 4.1 3.1
Tl 2.0 1.0 1.0 12 6.9

Fluoride showed essentially no variation from March
through June, and so analysis for fluoride was even-
tually discontinued.

A few samples were also analyzed for cations using
a Spectrospan III A DC argon plasma spectrophoto-
meter (table 21). The values are tentative because a
rigorous determination of cross interferences has not
been completed.

DISCUSSION

CHANGES IN SULFUR AND CHLORIDE

The S:Cl ratio increased steadily during the numer-
ous small ash eruptions from March 28 to May 18
(fig. 146). From May 18 on, only ash from the major
eruptions (May 18, May 25, June 12, July 22, and
August 7) was analyzed. These later samples showed
no consistent pattern. This contrasts with data for
Fuego Volcano, Guatemala, where S:Cl ratios cor-
relate with intensity of eruption (Rose, 1977).

Amounts of leachable SO, and Cl on the ash varied
greatly even for products of a single eruption,
although sulfate concentrations remained approxi-
mately 2 times that of chloride, prior to May 18 (also
noted by Rose (1977) for Fuego Volcano). Variation
of S:Cl was greater after May 18, as shown by the
May 18 and June 12 samples. Samples of the ash
erupted on June 12, collected in Vancouver, Wash.
(5:C1=0.13), are distinctly different from samples col-
lected on the flanks of Mount St. Helens (S:Cl1=1.18
and 0.89). The analytical procedures cannot account
for the large spread in the data. The variations are
possibly due to changes in gas composition during
eruption, meteorologic conditions, or variations in
chemical and physical processes of the eruption.

Data presented by Rose (1977) and Noguchi and
Kamiya (1963) showed a significant increase in S:Cl
before a major eruption and a significant decrease
after a major eruption (or series of eruptions).
Although a gradual increase occurred before the
May 18 eruption, it was smaller than expected, prob-
ably because magma had already risen in the volcano
and was emitting magmatic gases before the earliest
sampled ash eruptions. Likewise, no significant
decrease has been seen in S:Cl between May 18 and
August 7. The patterns of gas ratios observed
elsewhere suggest that more eruptions are possible
until the S:Cl ratio decreases.
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Figure 146.—Change in S:Cl through time.
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CHEMICAL COMPOSITION OF THE
LEACHABLE MATERIAL

The high anion content and near-neutral pH of the
leachates suggest that the acidic gases reacted with the
ash to produce neutral compounds. Selected samples
were analyzed to determine cation concentrations
(table 21). The anions probably were derived from
acid aerosols and the cations from attack of the acid
on the ash. Correlations between Ca and SO, and
between Na and Cl are poor for the early eruptions
but are evident for the May 18 samples. The major
leachable components were apparently CaSO, and
NaCl. Potassium and magnesium were sometimes
present, particularly in the early leachates.

Numerous trace elements were also found in the
leachates. Elements such as boron and mercury were
probably present in the gas phase and deposited on
the ash. Others were probably leached from the ash
along with sodium and calcium.

CONCLUSIONS

A gradual increase in the S:Cl ratio was observed
from March 28 to before the May 18 eruption. No
sharp changes were observed that could have pre-
dicted the eruption. This ratio has varied erratically
since the eruption on May 18 and has not shown a
significant decrease comparable to that seen at Fuego
Volcano, Guatemala. If the Fuego gas-ratio patterns
are applicable to Mount St. Helens, further eruptions
could be expected.
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THERMAL STUDIES

Two main types of volcanic thermal studies were
carried out at Mount St. Helens during 1980. Thermal
surveillance of large areas, commonly by airborne in-
frared techniques, was used to monitor changes in
thermal expression of internal structural and mag-
matic features. In addition, measurements were made
directly in new volcanic deposits to determine their
emplacement temperatures and thermal properties.
Eruption and emplacement temperatures were also
estimated from effects on vegetation and on man-
made materials.

Thermal infrared monitoring prior to May 18
generally showed only small changes, except in the
area of the crater that initially formed on March 27
(Kieffer and others). Of two previously known ther-
mal areas, one on the southwest side of the cone re-
mained unchanged until May 18. The other historic
thermal area, within the deforming area of the bulge
on the upper north flank, showed small but gradually
increasing heat emission before May 18.

Infrared images from late May through August
show thermal anomalies associated with the new
crater and vent areas, pyroclastic deposits north of
the crater and locally on upper slopes of the cone, and
with the successive lava domes that emerged in June
and August (Friedman, Frank, and Kieffer). En-
echelon northwest-trending fractures within the
crater and on its walls, evident on thermal images,
may represent local expression of regional structural
trends, also expressed seismically, that probably are
related to plate subduction and are important struc-
tural controls of Cascade volcanoes.

Direct measurements by thermocouple indicate
that emplacement temperatures of the May 18 debris
avalanche ranged from about 70° to 100°C; those of
the directed blast ranged from about 100° to 300°C
and varied with azimuth from the crater (Banks and
Hoblitt). Emplacement temperatures of the main
pumiceous pyroclastic flows erupted from May 18 to
October 16-18 were about 300°-730°C, and near-vent
deposits were emplaced at about 750°-850°C. In
general, the later deposits had higher initial
temperatures. Except near the vent, temperatures in
individual pyroclastic-flow lobes did not decrease
substantially along the flow path, and deposits of the
directed blast also had similar temperatures over

distances as far as 20 km from the vent. Measure-
ments of pyroclastic-flow deposits indicate that after
initial rapid cooling of several hundred degrees by
adiabatic expansion and incorporation of air during
eruption and development of flowage, the main body
of a flow incorporated too little air along the subse-
quent flow path to cool markedly.

Eruption temperatures of the directed blast,
estimated by effects on plastic objects and wood
within the devastated zone, are similar to those
directly measured. Temperature effects on wood are
azimuthally variable, and correlate with the amount
of juvenile gray dacite in the blast deposit. Effects on
plastics indicate only a few minutes of peak tempera-
tures, and the thermal effects decrease markedly near
margins of the blast area. Needles of fir trees from the
seared zone around margins of the blast area show
cuticular melting patterns that, when compared with
experimentally heated needles, suggest temperatures
of 50° to 200°C in the seared zone (Winner and
Casadevall).



THE 1980 ERUPTIONS OF MOUNT ST. HELENS, WASHINGTON

THERMAL INFRARED SURVEYS AT MOUNT ST. HELENS—
OBSERVATIONS PRIOR TO THE ERUPTION OF MAY 18

By HUGH H. KIEFFER, DAVID FRANK, and JULES D. FRIEDMAN

ABSTRACT

Thermal infrared observations by the USGS were begun on
March 30, 3 days after the first 1980 Mount St. Helens eruption.
The objectives of these observations were both hazards predic-
tion, in terms of identifying locations of enhanced heat flow that
might possibly precede a flank eruption or landslide and debris
avalanche, and quantitative measurements of the thermal changes
associated with the sequence of eruptive events.

Aircraft-based instruments used included: film-recording
uncalibrated scanners, moderate- and very high resolution video-
recording systems, handheld imaging systems and radiometers,
and calibrated digitally recording scanners. March 30 observa-
tions showed anomalous heat in the summit crater, locally along
the southern bounding fault of the newly developed summit
graben, in two large fractures in a region of historic thermal emis-
sion on the upper north slope that later became the bulge, and at
the other historic thermal area high on the southwest slope.
Although there were many visual reports of hot spots (based
largely on melting of newly fallen snow), no areas of unusual heat
emission were found by infrared observation, except near the
summit.

During an early April eruption, a majority of the hot blocks
ejected cooled within a few minutes; these were apparently heated
surficially by steam condensation in the few seconds of upward
trajectory, rather than by residence in a hot interior region.

In the area of the bulge, infrared anomalies increased in abun-
dance from early April until just prior to the May 18 eruption,
when the upper part of the bulge appeared to be perforated by
heat leaks of a few to 100 m lateral extent. All these areas of ex-
cess thermal emission were removed by the May 18 eruption.
During periods between eruptions, excess thermal radiation from
the summit of Mount St. Helens on May 16 was approximately
3 MW (megawatts). The traces of the first two May 18 landslide
failure surfaces were through clusters of thermal anomalies.

PRE-1980 INFRARED SURVEYS AND
THE HISTORICAL THERMAL AREAS
OF MOUNT ST. HELENS

Mount St. Helens was known to be an active
volcano (Crandell and Mullineaux, 1978) and had
two active thermal areas prior to 1980. Both thermal
areas were discussed in mid-20th century geologic
reports by Lawrence (1939, p. 54) and Phillips (1941,
p. 37-39). Various earlier reports of visual observa-
tions referred to by Majors (1980, p. 42-44) indicate
that the thermal areas were active at least as far back
as 1910-17, and perhaps since the time of the last
eruptions in the mid-19th century. Both thermal areas
were detected by early airborne infrared observa-
tions, although individual surveys rarely recorded
both areas simultaneously. Moxham (1970) reported
only one area north of the summit in a 1966 survey,
although the second area southwest of the summit
faintly appears in his published infrared image. Five
aerial infrared line-scan surveys, utilizing the 8-14 um
spectral region, flown between April 3, 1971, and
December 13, 1975, confirmed the persistence and
delimited the boundaries of the two thermal areas on
the upper slopes of Mount St. Helens, designated
historic thermal areas A and B (Friedman and Frank,
1978; fig. 147A, B). Site A, at 2,740 m elevation along
the east side of Wishbone Glacier at The Boot on the
north slope, consisted of about 200 m? of warm
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ground, elongated along an axis striking north-
northwest within the summit dome dacite and in
alinement with the Goat Rocks dacite dome (fig. 148).
Site B comprised a cluster of five sharply defined
linear zones striking generally southwest, about
650 m? in area, between 2,650 and 2,750 m elevation
on the southwest slope. Ground reconnaissance at
site B in 1972 revealed that the thermal area was
associated with a dark-red alteration zone along the
contact of the summit dacite dome with older
andesite lava flows.

A temperature-sensor array emplaced at site B
recorded (via LANDSAT) temperature measurements
between July 20, 1973, and April 18, 1974, of ambient
air, thermal and nonthermal ground surfaces, and un-
consolidated material at 15- and 50-cm depths (Pre-
ble and others, 1977). These temperature observa-
tions provided the basis for estimating the differential
radiant exitance at site B at about 84 W/m?, equiva-
lent to the Fourier conductive flux in the upper 15 cm

of the ground. The differential geothermal flux at this
site, using the method of Sekioka and Yuhara (1974)
based on the heat balance of the ground surface, and
considering evaporation, diffusion, conduction, and
radiation contributions to heat exchange with the at-
mosphere, was considerably greater, about 375 W/m?
(Friedman and Frank, 1978). Friedman and Frank esti-
mated the total heat discharge at Mount St. Helens in
1973 to be 0.1-0.3 X 10 W.
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Figure 147.— Thermal infrared images of Mount St. Helens obtained prior to 1980 eruption sequence, showing the two
historic thermal areas. Images produced by U.S. Forest Service for the USGS. A, Image of August 7, 1971, showing ther-
mal area A, a small area of weak fumarolic activity at The Boot, on north flank at 2,740 m (9,000 ft) elevation. On this
late-summer morning, instruments were set to depict two levels of background heat emission—glaciers and few remain-
ing snow patches as cold, and snow-free ground as warm. B, Image of April 26, 1973, showing thermal area B on
southwest flank at an elevation of 2,650-2,750 m (8,700-9,000 ft). The thermal features have a distinctive downslope
linear trend. More snow was present at this time than in August 1971, with the result that thermal area A was covered by
snow and does not appear in this image.
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OBJECTIVES OF THE 1980
INFRARED SURVEYS

The two major objectives of thermal infrared
observations of Mount St. Helens were: (1) monitor-
ing for thermal changes indicative of a change in the
volcanic hazard, and (2) documenting the thermal
evolution of the eruption sequence for later analysis.
Observation techniques and equipment that allow
rapid assessment of location and magnitude of
volcanogenic thermal activity are needed for the first
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objective. Rapid availability of data is less important
for the second objective, but quantitative measure-
ments are highly desirable. One immediate objective
of these surveys was to check reports of sightings of
so-called hot spots. These reports were of areas com-
monly free of snow, places where liquid water had
been observed on rocks, or where small clouds were
seen. A possible flank eruption, or exceptional sub-
surface heating of the glaciers, would have con-
stituted a potential hazard; the direction of eruption
or failure might be determined by early detection of
increased heat flow.

METHODS AND INSTRUMENTS

The thermal infrared observations of Mount St.
Helens utilized a wide variety of instruments and
several organizations (table 22). The methods and in-
struments are briefly described here in order of
sophistication, cost, and time required to process
data. Unless otherwise noted, the instruments are sen-
sitive in the 8-14 um band and thus respond only to
thermal emission, not reflected sunlight. All uncali-
brated systems have an adjustable offset and gain.

Handheld radiometers have a single field of view of

122°11"

:k‘

Figure 148—Location of historic thermal areas A and B in relation to topography, glaciers,
and major geologic units. Geology modified from C. A. Hopson.
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Table 22. —Log of thermal infrared observations of Mount St. Helens
[All instruments are sensitive in the 8-14 um band unless noted otherwise. The more common thermal infrared scanners were developed for
nongeologic applications and have no flux calibration; some have automatic gain control or AC coupling that attempts to maintain a uniform scene
contrast. Such uncalibrated thermal imagery is useful for detection of the initiation, expansion, or cessation of thermal activity, but cannot quan-
titatively determine changes of the intensity of thermal activity. DF, David Frank; JF, J. D. Friedman; DG, Dale Gable (USFS); HK, Hugh Kieffer; DM,

C. D. Miller; U-MT, University of Montana, Barnes PRT-5 radiometer and AGA Thermovision 750 imaging system; NK, not known]

Year Month Day Time Organi- Flight Comments
zation lines
1966  Sept. 4 Predawn USGS———- 5 Thermal site A obvious; thermal site B marginally
visible.
1971  Apr. 3 2040-2102  USFS, JF, 4 Thermal site B obvious; thermal site A not apparent.
DF.
1971  Aug. 7 0448-0459 -—-do---- 2 Thermal site B warm; thermal site A not apparent.
1972 Apr. 18  2340-2355 --do——-- 3 Thermal site B barely discernible.
1973  Apr. 26  0412-0459 --do—--- 4 Thermal site B obvious.
1975  Dec. 13 Nk OANG——-—- 1 Two spots at thermal site A.
1980 Mar. 27 NK —-do———- 1 Hot area in bottom of first crater.
Mar. 30 0515 OANG-—-- NK
Mar. 30 1630-1700 --do——-—- NK
Mar. 30  2243-2258  Army---- 6
Mar. 30 To Apr. 4  U-MT---—- Ground Ground observations from 9 km north.
Apr. 3 1500-1630  USN-HK-- Circled General survey, recorded eruption, tape erased.
Apr. 4 0630-0800 USGS-HK H-P
Apr. 7 1303-1421 EG&G———- 18
Apr. 9 0620-0730  USGS-HK H-P Cloudy above 2,800 m.
Apr. 10 1136-1224  EG&G-—-- 9 Partly cloudy.
Apr. 10 1342-1406 EPA----- 4
Apr. 10 2100-2200 FLIR---- NK
Apr. 11  0510-0527 EPA-——-—-—- 3 Just after eruption.
Apr. 11 0540-0717 USGS-HK H-P
Apr. 16 1921 OANG——-- NK
Apr. 21 1945 --do———- NK
Apr. 22 NK —-=do—-—= NK Low pass over crater.
Apr. 30 NK ——do———-— H-R Temperature peaks from 12° to 37°C.
May 2 0430-0630 USN-DF-- Continuous Clouds below 1,800 m. Hot spots within the bulge.
May 16  0345-0537 EG&G---- 18 Complete coverage. Many hot spots near top of bulge.
May 16 ©NK USGS-DM H-R 31°C in the bulge.
May 17 0447 OANG--—- NK
May 18 0551 --do~-~-- NK
May 19 NK NASA---- NK U2 aircraft. Cloudy, no significant data obtained.
May 20 NK OANG——-- NK North Fork Toutle River debris avalanche.
May 20 1300-1400 USN-DF-- Continuous Cloudy.
May 20 1516-1720 USFS-HK H-R West flank, South and North Forks Toutle River debris
flows.
May 24 1000-1200 USFS-DG H-V
May 30 0500-0600 USN-DF-- Continuous Cloud tops at 1,700 m. Crater, ash flows, Mount
Margaret ponded blast deposit.
May 30 1000-1200 USFS-DG H-V Interior of crater.
May 30 1500-1600 USFS-DG H-V Low clouds. Ash 15°C warmer than dirty ice.
May 31 1680 USGS-DF H-R Mount Margaret ponded blast deposit.
May 31 1100 USFS-DG H-V Low clouds. Warmest ash near summit.
May 31 1700-1830  FLIR--——- H-V Amphitheater, ash deposit on northwest flank.
June 3 0640-0930 --do---- H-V
June 7 0510-0700  --do—- H-V
June 12 0430-0500 USN-HK-- Continuous Cloudy.
June 13 1600-1630  USN-DF-- --do—- Cloudy. New dome seen on radar.
June 19  0415-0445 --do Dome, ash flow, southeast shore of Spirit Lake.
June 19 0500-0600 FLIR-~—- H-V
Aug. 11  0900-1207 USGS-JF NK Test flight.
Aug. 12 0343-0607 --do-——- 10 Grid survey. Lava dome, pyroclastic flow
deposits. May 18 blast deposits.
Aug. 13 0423-0607 --do———- 10 Grid survey. Lava dome, pyroclastic flow
deposits. May 18 blast deposits. Survey

on same grid as Aug. 12.



Table 22.—Log of thermal infrared observations of Mount St. Helens—Continued

Year Month Day Time Org§n1— Fl}ght Comments
zation lines
1980 Aug. 13 1817-1951  --do——-- 10 Do.
Aug. 13 2023-2162 ~-—do---- 10 Do.
Aug. 19 1300-1440 EG&G———- 9 Do.
Aug. 19 1500-1700 USGS-DF H-R Pyroclastic flows and ash surfaces in amphitheater
as high as 37°C.
Aug. 20 0330-0621 EG&G---- 16 Survey on same grid as Aug. 12-13.
Aug. 21  0900-1100 USGS-DF H-R Ash in crater adjacent to dome as high as 33°C.
DESCRIPTION OF INSTRUMENTS
EG&G, Daedalus DS-1260 calibrated, digital-recording scanner, Hg-Cd-Te and In-Sb (3-5 um) detectors.
EPA, Daedalus DS-1260 calibrated digital-recording scanner, Hg-Cd-Te at 2 gains.
FLIR, FLIR, Inc., video-recording imaging, uncalibrated.
USGS, 1966 Recon IX scanner, uncalibrated, filmrecording; 1980, RS-14A scanner, calibrated, analog
recording.
USFS, 1971 Recon XI scanner, uncalibrated, with Polaroid recording; 1972-73 Texas Instruments RS-7
scanner; 1980 Inframetrics video-recording, imaging, calibrated relative temperature.
USN, Hughes TRAM video-recording imaging, uncalibrated.
Army, AAS-24 film-recording scanner, uncalibrated.
OANG, AAS-24 film-recording scanner, uncalibrated, data courtesy of Charles Rosenfeld, OANG.
H-P, Helicopter, ProbEye Thermal Imager Survey, 3-5 um, uncalibrated.
H-R, Helicopter, Telatemp calibrated radiometer measurements.
H-V, Helicopter, Video-recording thermal imager.

typically 212° width, a sensitivity of a fraction of a
degree Celsius, and an absolute calibration of about
1°C or better, and show a meter display of the bright-
ness temperature.

The handheld, nonrecording thermal imaging sys-
tem used (Hughes ProbEye) is sensitive in the 3-5 um
band, where reflected solar energy can be comparable
to ambient thermal emission. This device provides an
approximately 5° X 10° red image at natural angular
scale, with brightness proportional to radiance, that
can be viewed with one eye while the other eye views
the external scene. Although the Hughes ProbEye
system is completely uncalibrated, a sensitive survey
was possible, as confirmed by ability to thermally
discern trees in still air before sunrise where only
small temperature variations exist. Because this in-
strument is sensitive in the 3-5 um band, surveys for
internal heating were less sensitive on the east side of
Mount St. Helens, where sunshine was present before
the area could be reached by helicopter. Commonly,
though, the instrument could be used to look deep
into the dark part of crevasses.

The video-recording, thermal imaging systems used
have a field of view of approximately 15°x20° and

provide a thermal image at standard video rates that
can be viewed on a television monitor during obser-
vation, as well as recorded. Thermal resolution is
from 0.2° to 5°C, depending on gain setting.
One brand (Inframetrics) allows some determination
of temperature differences, but not absolute
temperature.

The film-recording aerial infrared scanners scan a
line extending approximately 45° from each side of
vertical, directly below the aircraft; the successive
lines are offset by the aircraft’s forward motion. Spa-
tial resolution is typically approximately 2.5 milli-
radians. The detected thermal signal is recorded on
film; no data are immediately available except an
oscilloscope display of the response across the scan
lines (used to set the recording levels). The 3-5 and
8-14 um bands are recorded simultaneously by some
scanners. The film is processed after the flight to pro-
duce a graphic image.

The calibrated aerial infrared scanners operate and
have a scan pattern similar to the film-recording
systems; the major difference is the presence of two
blackbody references that are sensed at the ends of
each line scan. The response to the scene and the
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blackbodies is recorded on magnetic tape. Graphic
output of basic response, calibrated radiance, or
brightness temperature is produced by successive
steps of computer processing; production of prints
typically takes days to weeks after the flight.

The infrared imaging system used in surveys by the
U.S. Navy (Hughes TRAM, a military infrared track-
ing system) has high spatial and temperature resolu-
tion, but is AC coupled and uncalibrated, so that
absolute temperatures and temperature differences
cannot be recorded. The thermal image is recorded at
video rates but in a format that requires special
playback equipment.

The optimal time for thermal infrared surveys for
low-level heat flow is just before dawn, when am-
bient temperatures are at the diurnal minimum and
the local variations due to topography and albedo
variations are moderated. The variation (one sigma)
of thermal radiance with location at Mount St.
Helens near midday was about 40 W/m?, versus
10 W/m? just before dawn, so that predawn surveys
are four times more sensitive to internal heat flow.
The obvious disadvantages of nighttime operations
are increased navigation requirements, the inadvis-
ability of low-altitude flights, and the absence of
simultaneous visual observations. Using fixed-wing
aircraft, predawn thermal observations were made
when possible. Thermal observations using heli-
copters were made as early in the morning as safe
practice allowed.

Although processes not measured by a thermal in-
frared survey dominate the heat flow in an active
volcano, such surveys are very sensitive to those
changes in heat flow that become expressed as radia-
tion. The basic detectivity of the calibrated surveys
was 0.4 W/m?, or a 0.1°C change of temperature.
Airborne thermal infrared surveys allow large areas
to be measured with uniform sensitivity.

In this study, only the simplest quantitative assess-
ments of heat flow have been made; the excess emit-
ted radiation has been computed by determining the
8-14 pm radiation level for a rectangular perimeter
outside the area of obvious volcanic heat flow, which
was then used as the natural level to be subtracted
from the heated areas. No attempt has been made to
correct for emissivity less than unity or atmospheric
attenuation; these corrections should be minor. Inclu-
sion of the large factors necessary to account for con-
vection, advection, and latent heat in an estimate of
total heat flow has not been attempted in this study.
Friedman and Frank (1980) thoroughly discussed the
determination of these effects at Mount Baker.
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THERMAL IMAGES

The 1980 thermal images shown in this report were
processed at the U.S. Geological Survey, Flagstaff,
Ariz., image processing facility. The cylindrical
distortion inherent in scanner systems has not been
removed from the thermal images in this report. The
viewing angle, a, varies from vertical (0°) at the center
line to about 45° at both edges of the flight path, so
that the horizontal crosstrack distance represented by

each measurement is

HF

cos? a

7

where H is the altitude difference between the aircraft
and the ground being viewed, and F is the instan-
taneous field of view of the scanner, in radians. The
horizontal downtrack distance represented by each
measurement is V/S, where V is the aircraft velocity
and S is the line-scan rate. The downtrack length
sensed in a measurement is HF; the line-scan rate is
normally adjusted to make these two comparable. For
steep terrain, an additional factor is required to deter-
mine the local surface area along slope:

cosa
_—
cos (a-b) cos ¢

where b is the crosstrack slope component measured
toward the aircraft and c is the slope component
parallel to the aircraft path. All thermal images in this
report are presented with temperature increasing
from black to white.

THERMAL OBSERVATIONS FROM
MARCH TO MAY 18

MARCH 24

Aerial photographs taken on March 24, 4 days
after the beginning of the earthquake swarm, in-
dicated that both historically active thermal areas ap-

Figure 149.—Oblique aerial photographs of summit area,
March 24, 1980, showing historic thermal areas. Distance
from False Summit to summit about 600 m. Photographs
by David Frank. A, Viewed from north, thermal area A,
near The Boot, is covered by snow, but its location cor-
responds to shallow dimple in snow surface. B, Viewed
from the southwest, thermal area B appears as a cluster of
snow-free patches of ground.
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peared normal for this season. The Boot area was
snow covered, and the southwest area was partially
snowfree (fig. 149).

MARCH 27

Following the first eruption, photographic observa-
tions on March 27 showed that The Boot area was
heavily fractured (fig. 150). One fracture crossed
through, or very near, thermal area A.

The first thermal infrared observations of the 1980
eruptive sequence were obtained by OANG (Oregon
Army National Guard) on the afternoon of March 27
(Rosenfeld, 1980, fig. 1). (A list of observation times
and instruments is in table 22.) Identification of low-
level geothermal flow is particularly difficult with
afternoon observations, because of masking by radia-
tion from solar-heated ground. The only nonsolar
thermal feature identified in the uncalibrated thermal
image available was within the single 70-m-diameter
crater present at that time. The heated area was ap-
proximately 25 m in diameter and had two small,
higher temperature areas along its northeast side.

MARCH 30

Six flight lines of thermal infrared observations
were obtained by the U.S. Army for the USGS on
March 30 between 2243 and 2258. Five low-altitude
passes covered all flanks of Mount St. Helens, and
one pass was directly over the summit graben. The
alternating layers of ash and snow, and the many re-
cent snowslides yielded a rich and complex thermal
image (fig. 151). However, the only thermal features
clearly of nonsolar origin are (1) those within and im-
mediately adjacent to the two new pit craters, (2) two
spots along the fault bounding the graben on the
south, where the fault scarp bends northeastward
near the original False Summit (loc. C, fig. 151A and
153), and (3) within north-trending fractures im-
mediately north of the septum between the two
craters then present (locs. A and D, fig. 151A). These
north-trending fractures formed between March 24
and March 27, probably on March 25, when the
earthquake swarm peaked; they cross The Boot at an
acute angle (fig. 152). The infrared anomaly is
strongest near historic thermal area A on the west side

Figure 150.—QOblique aerial photograph of summit of Mount St. Helens, looking south, March 27, 1980. Location of
thermal area A indicated. Note that the new fractures cross ice and rock areas with no apparent change of style, in-
dicating the fractures are deep seated. Photograph by David Frank.
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re 151.—Thermal infrared images of summit area obtained by U.S. Army at approximately 2300 on March 30, 1980.
Thermal feature E is a topographic prominence and may result from solar heating. There are large-scale distortions in
these images. A, Scan obtained on a low-altitude pass directly over crater. Some apparent cooling (dark areas) north and
south of crater is an artifact of scanner automatic gain control. Anomalous areas are visible 150 m north of north peak 1
(locs. A, D) and in southernmost fracture east of main crater (loc. C). (See fig. 152 for oblique view of sites A, D, and E.)
Outline of two craters is shown by dashed line. Two pairs of unlabeled arrows indicate warm fractures also shown in
figure 153. B, View of upper north flank showing heating within major fractures near The Boot (fracture D and fracture
through area A). In this image observations near The Boot were approximately perpendicular to the local surface.
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Figure 152.—Oblique aerial photograph of summit area, looking south, March 30. Crater on the left was the first to
form. Features which showed enhanced thermal emission at 2300 (see fig. 151) are indicated by A, D, and E. Subsidence
of graben (between summit and north peak 1) and False Summit can be seen by comparison with figure 150. Photograph
by Austin Post.

of The Boot. These fracture-related thermal features
were more readily seen from the north at small angles
(5°-30°) from the local surface normal (fig. 151B) than
in observations made directly over the summit graben
(55°-60° from the local surface normal, fig. 151A).
Several other features of moderate to high thermal
contrast were observed in this survey, but they are
not unequivocally related to anomalous ground heat;
some correspond to topographic prominences and
probably were due to solar heating. A single warm
feature at the west end of the fault bounding the sum-
mit graben on the south (loc. E, fig. 151A) and some
warm features seen within the Forsyth Glacier
(fig. 151B) may result from geothermal heating. No
thermal infrared anomalies were found on the east,
south, or west flanks of Mount St. Helens, although
historic thermal area B was within a small triangular
area not covered by this survey.

The feature indicated as location C in figure 151A is
exceptional; it is the only definite occurrence of
volcanogenic heating along this major structural
feature, the fault bounding the summit graben on the
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south, away from the crater proper. Although the
thermal infrared anomalies on the upper bulge per-
sisted until May 18, this eastern thermal feature was
not observed on April 10 or 11, or at any later date.!

APRIL 3

The first U.S. Navy infrared observation flight was
made on April 3 at about 1500 PST. A general survey
of the flanks of Mount St. Helens revealed no obvious
hot areas, although the survey should not be con-
sidered definitive because it was the first use of this
high-resolution equipment by USGS personnel, and it
occurred in midafternoon, the poorest time of day for
discrimination of volcanogenic heat flow. A moder-
ate eruption was observed during this flight. Hot
blocks, 10 cm to 1 m in size, arced out of the rising

In this study we were unable to examine all of the thermal data collected by
various organizations. Future examination of all available data may extend the
periods during which various thermal features were observed.
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Figure 153.—Oblique aerial photograph of summit area, March 30, showing location of infrared anomalies (loc. C) seen
that evening on east extension of southern graben-fault (see fig. 151A). The two pairs of arrows and dashed line (loc. D)
indicate warm fractures also shown in figure 151 A. Photograph by Austin Post.

plume and splashed into cold surficial ash and snow.
The exterior of the plume itself was highly variable in
temperature but not as hot as the blocks. An ap-
parently hot horizontal streak was observed on the
mountain near the top of the Shoestring Glacier on
the last circuit of the mountain. The precise location
of the feature is not known; however, it was in an
area that was facing away from the sun. It may have
been an internally heated crevasse, but it was never
seen again. Unfortunately, the video recording of this
flight was erased before it could be reexamined by
geologists.

Particular attention was given to the area immedi-
ately above the Timberline parking lot, which was
frequently occupied by scientific teams. No unusual
thermal features were seen upslope between the park-
ing lot and an elevation of 2,500 m.

APRIL 4

The first helicopter-based thermal survey was con-
ducted at dawn (0630-0800 PST) on April 4 using a
handheld thermal imaging system (Hughes ProbEye).
On that date, there had been several reports of hot
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spots in the area of Goat Rocks, in the incised canyon
below Loowit Glacier, which is east of Goat Rocks,
and along the sides of upper Shoestring Glacier. A
fairly complete survey of the slope above treeline
from azimuth 200° clockwise to 010° (measured from
the center of Mount St. Helens), including thorough
surveys of Goat Rocks and the canyon below Loowit
Glacier, revealed no unusual heat except near the
north summit above 2,700 m elevation. A sensitive
survey of the northeast and southeast quadrants of
the cone could not be made due to the presence of fog
until after these areas were heated by sunlight. A thin
orographic cap cloud prevented viewing the south
side of the summit.

During an eruption beginning at 0703, hot, newly
fallen rocks were visible along the west shoulder of
the crater. A nearly horizontal platform north of the
inner crater was covered with recent ash and was
uniformly warm. On the next pass, approximately 15
min later, many or most of the rocks on the west
shoulder had cooled and were thermally indistinct.
This rapid cooling suggests that they were cool rather
than hot bedrock when incorporated in the eruption
column and were surficially heated by steam conden-
sation during ejection.

APRIL 7-11

A second helicopter survey on April 9 was limited
to elevations below about 1,800 m and in the north-
west quadrant. No thermal infrared anomalies were
seen.

Airborne calibrated, thermal infrared scanner sur-
veys were conducted near midday on April 7 and 10
and before dawn on April 11. The midday surveys
showed temperatures appreciably above ambient
only within the summit crater (much of this data has
not yet been examined in detail). The thermal areas
observed in the predawn survey on April 11 probably
existed throughout the period of April 7-11 but did
not have adequate contrast to be distinct from the
midday solar heating.

Three flight lines of observations were obtained
before dawn on April 11. Two of these were at air-
craft elevations of 5,100 m and had an instantaneous
field of view of 5.3 m at the summit of Mount St.
Helens. At this low spatial resolution, topographic
features and the major fractures could be discerned,
but there was no evidence of extensive volcanogenic
heating outside of the summit crater. A 15-min erup-
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tion had just ceased, and a mildly warm plume was
recorded trailing off to the southwest. A flight line
was made at 3,400 m aircraft altitude (0.9-m resolu-
tion at the summit) at 0527 (fig. 154). This low-
altitude flight line covered only a 1-km-wide path
across the summit area; outside of the summit graben,
a single infrared anomaly corresponding to thermal
area A was seen just north of north peak 1. The ther-
mal image shows that the maximum temperature was
in the easternmost of several vents active in early
April. The temperatures appear to be proportional to
the thickness of ash accumulation; the higher temper-
atures are at two local vents within the crater and
along steep chutes that probably had ash slides during
or immediately after the eruption. There was no ap-
preciable heating of the uppermost northern part of
the crater’s interior wall; however, the level terrain
immediately above the north wall showed both
generalized heating and an abundant population of
small blocks or warm pits from the eruption.

The average surface temperature of the summit of
Mount St. Helens during this observation was -9°C;
the apparent temperature through the residual plume
was approximately -6°C. Only areas near the crater
exceeded 0°C (fig. 154). The maximum temperature
observed was approximately 50°C, well above the
calibration level of the infrared scanner (21°C). About
10 percent of the area within the crater exceeded
14°C.

A helicopter-based infrared survey was conducted
on April 11 in exceptionally fine weather. There had
been a moderate eruption from about 0430 to 0445,
and intermittent eruptions occurred throughout the
survey, which was from 0540 to 0717. Infrared
anomalies were found at the following locations: in
fractures in the saddle above Goat Rocks, a single
hole near the middle of the upper Wishbone Glacier,
in fissures immediately west and north of the north
peak 1, at many locations within the crater, and
associated with blocky ejecta during and following
eruptions. The following locations were scanned but
no infrared anomaly was found: the northern and
southern fractures that extend west from the bound-
aries of the summit graben; the northern and south-
ern fractures extending east to northeast along the
summit graben; the fracture extending northeast over
the False Summit area; and the upper 250 m of the
Shoestring Glacier. Ash from previous eruptions was
drifting across the summit and was being trapped by
fractures. This ash, which reaccumulated at the am-



bient air temperature, would insulate and could have
masked appreciable heat flow in these fractures.

Eruption clouds did not appear hot. During an
eruption, except for the initial venting and relatively
dense fingers of ash that burst out of the column, the
column appeared to be heated primarily by solar radi-
ation; the shadowed west side of the plume appeared
cool (at least thermal emission was minor compared
to reflected solar radiation in the 3-5 um band). The
warmest locations were the tips of bursting fingers
and at the base of the eruption column. By the time
the initial velocity was lost (approximately 3 s), the
exterior ash in the eruption cloud was cooler than the
bright steam cloud. These results agree with those
reported from remote ground observations (St. Law-
rence and others, 1980).

The temperature was variable within the crater.
The hottest locations were ash deposits exposed by
slumping of their upper parts; stable ash surfaces
cooled quickly. During this survey, the vents com-

monly were relatively cold immediately after an erup-
tion, as they refilled with water and floating ice
debris. The lower talus slopes surrounding the vents
were relatively hot.

Peak local temperatures measured from a heli-
copter with a handheld radiometer on April 30 ranged
from 12° to 24°C within the crater (data courtesy of
Charles Rosenfeld and the OANG).

MAY 2

High-resolution thermal observations were made of
Mount St. Helens before dawn on May 2 by the U.S.
Navy. This survey provided our first clear evidence
of increased heat flow from localities within the
bulge, other than those associated with The Boot. In-
frared anomalies strong enough to be interpreted as
representing geothermally heated ground occurred in
the following areas (figs. 155, 156): (1) At the bottom
and extending part way up the north and south walls
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Figure 154. — Thermal-infrared image of summit area, April 11 at 0527; image obtained by U.S. Environmental Protec-
tion Agency. In this false-color image, black is coolest (—19°C), light gray is 1°C, blue is 3.5°C, and red is 41°C or greater.
The warmest are at bottom of crater; eastern vents were active on this day. A 15-min eruption from vent 1 (V1) and
perhaps vent 2 (V2) had ended at about 0500 and another eruption began 16 min after this image was obtained. Vents in-

active during this eruption shown by V.
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Figure 155.—Oblique aerial photograph of summit area, looking southwest, May 1; thermal features observed for the
first time before dawn the next day are indicated as F and G (fig. 156). Thermal feature G may be extreme south end of
linear thermal feature D (fig. 151A), which disappeared as a continuous linear thermal feature by April 11. There was
strong thermal emission from the southeast part of the crater May 2. Photograph by D. R. Hirst.

of the crater. The thermal pattern within the crater
was north-south, perpendicular to the trend of the
graben. Warm vapor emission from the crater was
observed both instrumentally and visually. (2) A
weak anomaly on the south slope of the north peak 2.
Vapor emission was observed instrumentally from
this area. (3) A strong anomaly on the north slope of
north peak 2, corresponding to the infrared anomaly
observed on April 11 near The Boot thermal area. (4)
A cluster of at least four strong anomalies in the
heavily fractured region of the upper Forsyth Glacier.
(5) A weak anomaly with a linear pattern trending
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downslope, coinciding with historic thermal area B
on the upper southwest flank of Mount St. Helens.
Particular attention was paid to the Goat Rocks area,
and no unusual features were observed.

The thermal pattern in the middle of the bulge (loc.
F, figs. 155, 156) coincides with the scarps formed by
normal faults on the north slope. These faults resulted
from slumping in and beneath the upper Forsyth
Glacier. Slumping probably occurred in response to
earthquake-generated ground shaking and to over-
steepening by the outward movement of the bulge. A
daytime radiometric temperature measurement from



a helicopter on May 16 was 31°C for an area approx-
imately 2 m across within the bulge anomaly, while
nearby solar-heated ground surfaces ranged from 5°
to 22°C (C. D. Miller, oral commun., 1980).

On May 2, The Boot thermal area produced the
strongest infrared anomaly (loc. A, figs. 155, 156)
outside of the crater and graben. The Boot thermal
area also produced the highest radiometric tempera-
ture measurement on April 30, 37°C, in comparison
with nearby background ice and rock temperatures of
about -1°C (data courtesy of Charles Rosenfeld and
the OANG).

The infrared anomaly on the north-bounding fault
of the graben (G, fig. 156) occurred on the south slope
of north peak 2; this area had a radiometric tempera-
ture of 29°C on April 30.
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Figure 156.—Anomalous thermal features A, F, and G on
north flank of the volcano, May 2; data obtained by U.S.
Navy. Features shown are on The Boot (A), on the north
bounding fault of summit graben at southeast slope of
north peak 2 (G), and on highly fractured lower east part
of the bulge (F). Crater and fracture pattern from May 1
photographs.
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Figure 157.— Thermal-infrared image of historic thermal
area B on May 16 at 0508. Image obtained by EG&G. Note
that thermal area B has changed very little or not at all,
while anomalous thermal activity on the north slope has
increased significantly. The east and west features are
listed separately in table 23.

MAY 16

Extensive digitally recorded, calibrated airborne
infrared observations were made before dawn on Fri-
day, May 16, but processing of these data was not
carried out until the following Monday. Nine east-
west flight lines were flown at each of 750 and
1,500 m above the summit. Both sets of observations
cover the entire mountain above tree line. Strong
thermal anomalies were observed in the southeast
quadrant of the crater, on the steep slope of the
graben just outside the southeast boundary of the
crater, through an orifice near the top of Shoestring
Glacier, and near the summit of north peak 2.
Weaker anomalies were present in the west half of the
summit crater and the graben wall just south of the
crater, at many locations in the fractures near the
north peaks, and at the base of the southeast flank of
north peak 1 where it joins the nearly level graben
floor. Several small thermal features were present in
fractures through the upper part of Forsyth Glacier
within the bulge. The historic southwest thermal area
B appeared relatively unchanged from pre-1980
observations (fig. 157).
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Goat Rocks

Figure 158—Thermal-infrared image of crater at 0503 on May 16; image obtained by EG&G. Individual areas analyzed
for heat emission are indicated by small numbered rectangles; crater and bulge areas by larger rectangles. (See table 23
for analyses.) Ground temperatures range with altitude from —13° to —8°C in this image.

Areas of volcanogenic heat flow are identified in
figure 158. Additional computer processing was done
to increase the detail in the warmest areas and to
remove most of the normal temperature variation
associated with differences in altitude and slope
(fig. 159). The number and spacing of the thermal
features is suggestive of extensive near-surface
heating. In particular, thermal area 14 (fig. 158),
which corresponded to an area of recent slope failure,
shows no evidence of an open fumarolic pathway to
the surface, based on examination of aerial photo-
graphs at scale 1:2,500 taken 5 hr after the thermal
survey. Nevertheless, most of the surface exposed by
the slope failure was hot; an area of approximately
35X 65 m was emitting approximately 57 KW (kilo-
watts) of excess radiation.

If there were no transport of heat by fluids moving
up into a heated region, its apparent excess heat flow
could be converted to an estimated subsurface tem-
perature gradient. Making the conservative assump-
tion that the excess radiance observed constitutes all
of the excess heat flow, and using a nominal thermal
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conductivity of IWm~1K-1 (watts per meter kelvin),
the thermal gradient for area 14 would be approx-
imately 10 K/m; thus, a temperature of 400°C would
be at a depth of only 40 m. Intense hydrothermal
circulation probably supplied heat to this surface
area, or, less likely, magma was extremely close to
the surface.

Most of the thermal features identified in the May
16 predawn infrared survey have been located on
high-resolution vertical photography obtained ap-
proximately 5 hr later (fig. 160). At the hottest loca-
tions, where temperatures were above 12°C, pits hav-
ing no visible bottom were found. Steam plumes can
be seen in the May 16 photography at thermal areas
2, 4, and 11. Vertical photography on May 12 shows
the orifice at the top of the Shoestring Glacier to be
steaming; it was open and steaming as early as May 7,
according to visual observations.

The infrared surveys on May 16 recorded a much
smaller area of anomalous heat discharge from the
lower bulge area (loc. 18, fig. 158; loc. F, fig. 156),
but greatly increased heat emission in the upper part
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Figure 159.—False-color thermal-infrared image of crater, May 16 0503; image obtained by EG&G. General decrease in
ambient ground temperature with increasing altitude has been removed by subtracting the array resulting from applica-
tion of a quasi-Gaussian 65x65 pixel (approximately 150x130 m) low-pass filter to all areas below — 6.8°C. The areas more
than 1.5°C above their surroundings are color coded from blue to red (coolest to warmest).

of the bulge near The Boot and north peaks 1 and 2,
compared to observations of May 2. One possible ex-
planation is that as bulging progressed on the north
slope, crack opening from tension-related slumping in
and beneath the Forsyth Glacier changed to crack
closing from compression-related bulging.

Two more infrared surveys were obtained before
the major eruption of May 18 (Rosenfeld, 1980).
These predawn observations by the OANG show
thermal patterns similar to those on May 16, and also
the development of two small thermal features in the
upper Wishbone Glacier at approximately the loca-
tion of the thermal anomaly seen from helicopter on
April 11. There was apparently no major change in
the pattern of thermal emission from Mount St.
Helens during the last 50 hr prior to the major
eruption that would have signaled its immediate
occurrence.

Summing the excess radiant energy of each of the
infrared anomalies identified in figure 158, and using
the terrain immediately surrounding each anomaly as

the natural radiation level, yields a total emitted ex-
cess radiant power from the summit of Mount St.
Helens of approximately 1 MW (table 23). This pro-
cedure ignores the large areas only slightly above am-
bient temperature. A more inclusive procedure is to
consider the crater and upper bulge areas as two
larger regions, adapting background temperatures for
each based on locations away from volcanic thermal
sources. Using the two larger regions outlined in
figure 158, with background temperatures of -10.76°
and -11.17°C for the crater and bulge, respectively,
the excess radiation is 2.3 and 0.34 MW, respectively,
in these areas. All of the above calculations ignore the
opacity of the atmosphere and presume graybody
emission. Thus, a reasonable estimate of the excess
radiant exitance from the summit area of Mount St.
Helens on May 16 is 3 MW. The total geothermal heat
flow is an unknown factor, probably large, greater
than the excess radiance, as convective fumarolic
flux, subglacial melting, and advective heat loss were
likely major processes. The total power for these
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Shoestring
Glacier
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Figure 160. — Vertical photograph of summit crater and north flank, obtained at 1005 on May 16; photograph by EG&G.
The regions of anomalous infrared emission are outlined by small rectangles (figs. 158, 159, and table 23). Anomalous
areas on figures 158 and 159 were located on this photograph using a zoom-transfer scope; areas 17 through 20 are not
reliably located because of the absence of features which could be positively identified in both images. Areas 1 through 4
and 11 were steaming on May 16. Areas 1, 2, 3, 10, 12, and 13 contain pits whose bottoms could not be seen. Areas 2 and
4 through 8 occur in rock below a steep ice cliff. An east- to northeast-facing cliff along areas 14 to 19 contains brown to
pink-brown material that probably represents alteration along a preexisting fracture system; patches of similar material
just to west of areas 20 and 21 may be the thermal sources for these areas. Western warm feature in area 11 probably cor-
responds to historic thermal area A (fig. 147). Slip surface of initial landslide on May 18 passes through areas 10, 11, and
14. The trace of the first and second failure surfaces is based on photographs 16 BK and 19 BK by Keith and Dorothy
Stoffel. The lip formed by the second failure receded rapidly in the few seconds covered by the last two Stoffel
photographs, which followed 19 BK (Stoffel and Stoffel, 1980).
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Table 23.—Excess thermal radiation from Mount St.
Helens, May 16, 1980

Location Background Max imum Viewing angle Power
(fig. 158) temperature temperature degrees from (XW)
°c) ey vertical

1 -10.7 -4 .4 37 13.2

2 -11.1 >13.3 30 131.0

3 -10.8 >13.3 23 240.0

4 -11.4 >13.3 30 290.0

5 -10.7 4.4 32 80.0

6 -10.8 -7.0 37 34.0

7, 8 -10.6 7.7 27 13.4

9 -11.9 7.9 6 9.1

10 -11.3 5.5 2 8.5

11 -11.2 7.8 7 26.0

12 -11.3 -8.1 12 .5

13 -11.4 2.6 9 3.2

14 -11.6 10.1 5 57.0

15 -11.7 -8.4 9 4.1

16 -10.9 -9.4 12 7

17 -10.3 -8.6 16 .3

18 -10.4 -6.4 19 1.1

19 -10.5 -8.9 23 1.1

20 ~10.3 -8.4 23 4

21 ~-10.1 -7.1 23 .6

Totalom—mmmmmeme 910.0

Crater area -10.8 >13.3 25 2,340.0

Bulge area -11.2 10.1 3 338.0

Total--=—————-- 2,678.0

B3 east -10.6 -8.2 15 3.6

B3 west -10.5 -8.7 12 2.0
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IMax imum temperature listed is the highest recorded for the whole

sample area of about 5 o, Much higher temperatures of smaller extent

must have occurred within each area.
2Local slopes in the rugged terrain around the thermal features

have not been accounted for individually. Several areas, notably 12 and

17-21, were oriented well away from the aircraft, and their values are

seriously underestimated. An accurate calculation of local surface

areas would increase the calculated radiated power of all areas by an
average of about 15 percent.
3Thermal area B, fig. 157.

quiescent periods is two to three orders of magnitude
smaller than that during even the minor eruptions.
When geothermal fluids reach the surface, thermal
radiation is often only a minor fraction of the power
loss; the thermal energy released by steam exiting an
orifice at 0.85 bar and condensing is 1.15 MJ/m?
(megajoules per cubic meter), whereas the excess
radiation of an orifice at the associated saturation
temperature (95.5°C), relative to a background of
-10°C, is 775 W/m?. Thus, a steam-flow rate of only
0.00067 m/s could provide enough power to generate
radiation corresponding to the maximum possible
steam-heat temperatures. Most of the heat escaping
from Mount St. Helens between eruptions was
through a hydrothermal system: escape of steam to
the atmosphere, and subglacial melting.

In the eruption of Mount St. Helens on May 18,
all the areas known to ever have had excess thermal
emission were removed.

STRUCTURAL CONTROL OF
HEAT EMISSION

Convective heat discharge from volcanoes usually
occurs in localized areas of high permeability, par-
ticularly faults, fractures, or brecciated zones. Thus,
the pattern of thermal anomalies can provide clues to
the nature of structures within the volcanic edifice.

Figure 161 shows infrared anomalies recorded on
May 16. Figure 162 is a cross section through the up-
per cone of Mount St. Helens and shows the locations
of the anomalies projected onto the plane of the sec-
tion. By combining the thermal pattern with what is
known of the pre-1980 geology (C. A. Hopson, un-
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Figure 161.—Anomalous thermal features in and near
summit crater recorded by EG&G on May 16 and by
OANG on May 18. Thermal features shown are in crater,
at The Boot (A), on southwest flank (B), and in central
area of bulging north flank (F). All features except A and B
were newly developed between March and early May
1980. Crater and fracture pattern from May 1 photo-
graphs. Section A-A’ shown in figure 162.
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pub. mapping) and the sequence of eruptive activity
and observed ground breakage, the structures within
the upper cone can be inferred.

This analysis suggests that the pre-1980 thermal
areas on the southwest slope (B) and The Boot (A) oc-
curred along inward-dipping brecciated zones associ-
ated with the lower margin of the old summit dome.
Ground shaking from the late-March earthquake
swarm, explosive phreatic eruptions in March and
April, and perhaps magmatic pressure, cracked the
summit dome in half and shattered the northern part
of the dome and underlying cone. The resulting in-
creased permeability through the northern slope
allowed greater heat discharge at The Boot. By early
May, increased heat emission developed in areas
downslope from The Boot (F, fig. 161). The cluster of
heat emission on The Boot just north of north peak 2
(including historic thermal area A) coincided with the

top of the initial landslide scarp of May 18. The loca-
tions of the most intense thermal emission on May 16
were along and adjacent to the slip surface for the
second slide of the May 18 slope failures.

SUMMARY OF THERMAL EMISSION

1. The historic southwest thermal area (B) re-
mained unchanged during the eruptive sequence. Its
connective pathway to the heat source probably had
a time constant greater than 60 days.

2. The area of the historic thermal anomaly at The
Boot (A) was involved in the initial structural failure
of the summit and showed increasing thermal activity
throughout the pre-May 18 eruptive sequence.

3. New areas of thermal emission were initially
confined to the crater, and, for a short time, one loca-
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Figure 162.—Schematic north-south cross section A-A’ through summit just prior to May 18 eruption, showing inferred
brecciated zones (cross-hatching). Those zones marginal to summit dome localized heat emission through the pre-1980
thermal areas on The Boot (A) and southwest slope (B). New eruptive activity in 1980 was centered over the north part of
the summit dome where newly developed brecciated zones controlled the location of hydrothermal emission, and
perhaps new magma. There is no evidence for a conductive pathway between new magma and either area B or the Goat
Rocks dome. Areas of anomalous thermal emission such as feature F (figs. 158 and 159) are shown by short vertical
squiggles. One possible geometry of a new magma body is shown schematically as a set of northward-directed dike and
cone sheets; the plane of one such dike is projected onto the section.
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tion on the eastern part of the fault bounding the
summit graben on the south.

4. Heat emission from bedrock locations near the
top of the bulge, once established, showed contin-
uous activity. Thermal areas within glaciers were
more variable with time.

5. The only new thermal feature south of the sum-
mit graben (Shoestring Glacier orifice) was first re-
corded only 11 days before the May 18 eruption.

6. The two clusters of thermal infrared anomalies
mapped on May 16 occurred on surfaces of failure of
the May 18 landslides.

7. Mixing with ambient air rapidly cooled the visi-
ble exterior of eruptive columns.

CONCLUSIONS CONCERNING
THERMAL INFRARED
OBSERVATIONS FOR

VOLCANIC MONITORING

1. Predawn airborne thermal infrared observations
using current technology allow sensitive surveys for
new volcanogenic features. Such surveys can cover
all of the area of likely activity for one volcano in one
flight mission.

2. Determining a baseline thermal emission pattern
prior to eruption is extremely valuable.

3. Daytime (midday to evening) observations are
of considerably less utility than predawn observa-
tions, particularly where steep terrain and large
albedo changes are involved. Geothermal features
that can be unambigiously identified by daytime ther-
mal infrared observations will commonly be distinc-
tive visually.

4. A portable thermal imaging system is of great
utility, particularly for evaluating reports of hot spots
based on visual observations. An aircraft-based video
recording system is the most useful for hazard
analysis, as thermal observations can be reexamined
carefully and compared to conventional photog-
raphy. Predawn, calibrated scanner surveys are pre-
ferred for detection of small changes and for monitor-
ing large areas. Nonrecording thermal imaging
systems have the convenience of great portability,
but their use is exhausting under the adverse condi-
tions likely to be encountered in volcanic monitoring
(for example, cold helicopters in high winds over ir-
regular terrain, one eye viewing red equals warm, and
reversed contrast in the other eye, which views white
equals bright), which aggravates the problem of ac-
curate location of geothermal features. Fixed-wing

aircraft are more stable but commonly do not allow
window removal (thermally sensitive systems must
either be externally mounted or be used through open
windows). Instruments of low angular resolution
have an additional disadvantage of not being able to
make extensive predawn thermal surveys, as close-to-
terrain flights in the dark are hazardous.

5. The current time for production of calibrated
thermal images is too long to provide information for
civil authorities during hazardous volcanic activity.
In the near future, uncalibrated, film- or video-
recording thermal-imaging systems are likely to be
most suitable for hazard assessment, whereas cali-
brated, digitally recorded observations will provide
the basis for determining long-term variations.
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THE 1980 ERUPTIONS OF MOUNT ST. HELENS, WASHINGTON

THERMAL INFRARED SURVEYS OF THE MAY 18 CRATER,
SUBSEQUENT LAVA DOMES, AND ASSOCIATED
VOLCANIC DEPOSITS

By JULES D. FRIEDMAN, DAVID FRANK, HUGH H. KIEFFER,
and DON L. SAWATZKY

ABSTRACT

Qualitative infrared images in the 8- to 11.5- and 8- to 14-um
(micrometer) spectral region were obtained over Mount St.
Helens by forward-looking and vertical-mount aerial scanning
systems on May 31, June 3, 6-8, and 19, and July 15, 1980. Quan-
titative or calibrated images were obtained on August 11-13, 19,
and 20. Night and predawn infrared images, obtained during
times of diurnal surface-temperature minima, depict the spatial
pattern of high thermal emission associated with the crater and
vent area on June 7 and 8. Following the eruption of June 12, the
emergence of a dacite dome was confirmed by radar images on
June 13, and subsequently on June 15 by visual observation. The
infrared images of June 19 show a concentric and annular
distribution of thermal emission associated with the emergent
dome. On June 19 the emergent dome, the rampart, and a
southeast-striking fracture controlling alinement of fumaroles
within the crater floor area were studied in detail, using three dif-
ferent scanning systems. A large circular area also appears in the
images of June 19 southeast of the dacite dome; it is about equal in
size to the dome and is outlined by a ring of fumaroles. Infrared
images of July 15 show the annular and radial fracture pattern of
the dome prior to its destruction on July 22. An en-echelon set of
northwest-striking fractures in the crater and amphitheater region
are also clear on the July 15 image. These fractures appear related
to the location of the first and subsequent lava domes and at least
two of three smaller hot spots. The calibrated surveys of August
13-17 give the temperature of the partly cooled rind of the August
dome and the day-night temperature differences of an array of
pyroclastic-flow deposits, as well as the temperature of Spirit
Lake, several secondary phreatic fumaroles, and surrounding
terrain.

INTRODUCTION

Infrared surveys at Mount St. Helens from the
early 1970's through the cataclysmic eruption of
May 18, 1980, are described in Kieffer and others
(this volume); in that report, the evolution of points
of convective thermal emission, initially at the con-
tacts of the summit dome dacite with older geologic

Figure 163.—FLIR oblique thermographic image of crater,
looking south into amphitheater, May 31, 1980, mission
time 1700-1830 PDT; 8-11.5 um spectral region. Shows
thermal emission (white = hot) associated with pyroclastic
deposits and fumarolic emission. No evidence of dome.
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Figure 164.—FLIR oblique thermographic image, looking
east at outer west rim, May 31, 1980, 1700-1830 PDT;
8-11.5 um spectral region. Warm and hot areas (white) on
outer slope may be pumice-fall deposits.

Figure 165.—FLIR oblique thermographic image, looking
east, June 3, 1980, 0643-0930 PDT; 8-11.5 um spectral
region. Shows persistent warm or hot triangular area on
west slope and warm vapor column from crater.

materials, is traced through time, culminating in the
complex thermal-emission pattern at the volcano’s
summit crater and upper margin of the Forsyth bulge
on May 18. After the cataclysmic eruption, primary
thermal emission patterns were controlled by struc-
tures within the newly formed amphitheater, and
secondary thermal emission was associated with vol-
canic deposits and phreatic fumaroles within the
devastated area, mostly between the volcanic edifice
and Spirit Lake.
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Table 24.—Temperature calibration for
RS-14A scanner, 8-14 um channel, Aug-
ust 13, 1948-1951 PDT

[Flight line 9A north; hot blackbody image
brightness =179; V=4.491=52.6°C; cold blackbody
image brightness=86; V=1.825=5.2°C; refers to

fig. 173D]
Radiometric Image
temperature brightness Color
e units
5.7 0-87 Blue.
5.7- 9.8 88-95 Blue/cyan.
9.8-13.9 96-103 Cyan.
13.9-18.0 104-111 Cyan/green.
18.0-22.0 112-119 Green.
22.0-25.6 120-126 Green/yellow.
25.6-29.2 127-133
29.2-32..7 134-140
32.7-36.3 141-147 Yellow.
36:3-39.9 148-154
39.9-43.5 155-161 Orange.
43.5-47.0 162-168
47.0-55.7 169-185
55.7-90.9+ 186-255 Red.

Figure 166.—FLIR oblique thermographic image, looking
south from 4.8 km distance, June 7, 1980, 0510-0711 PDT.
Shows crater-area thermal emission and first incidence of
low, relatively cool topographic feature on crater floor
(A), which may mark rise of June dome to near-surface or
preemergent position.

The purpose of aerial infrared surveys of the
Mount St. Helens volcanic area during the June-
August 1980 period was to provide two-dimensional



Table 25.—Temperature calibration for
RS-14A scanner, 8-14 pm channel, Aug-
ust 13, 1941-1943 PDT

[Flight line 9 south; hot blackbody image

brightness = 200; V=4.491=52.6°C; cold blackbody
image brightness=11; V=1.825=5.2°C; refers to

fig. 173C}]
Radiometric Image
temperature brightness Color

°C units
<6.0 0-14 Blue.
6.0-11.2 15-35 Blue/cyan.
11.2-16.5 36-56 Cyan.
16.5-21.7 57-77 Cyan/green.
21.7-27.2 78-99 Green.
27.2-31.7 100-116 Green/yellow.
31.7-36.2 117-134
36.2-40.7 135-153
40.7-45.0 154-170 Yellow.
45.0-49.2 171-187
49.2-53.5 188-204 Orange.
53.5-57.7 205-221
57.7-62.0 222-238
62.0-66.2+ 239-255 Red.

Table 26.—Temperature calibration for RS-14A scanner,
8-14 um channel, August 13, 0530 PDT
[Flight line 9 south]

Radiometric
temperature
.

Image Radiometric
brightness Color temperature
units °c

Image
brightness
units

Color

Figure 173B Figure 173A
<3.3 0- 62 Blue. <14.6 0- 89 Blue.
3.3- 6.2 63- 69 Blue/cyan. 14.6-16.7 90- 94
6.2- 9.2 70- 76 Cyan. 16.7-18.8 95- 99 Blue/cyan,
9.2-12.1 77- 83 Cyan/green. 18.8-20.9 100~104
12.1-14.6 84~ 89 Green. 20.9-22.6 105-108 Cyan,
14.6-19.3 90-100 Green/yellow. 22.6-24.7 109-113
19.3-23.9 101-111 24.7-26.8 114-118 Cyan/green.
23.9-28.5 112-122 Yellow. 26.8-28.9 119-123
28.5-33.1 123-133 28.9-30.6 124-127 Green.
33.1-37.7 134-144 Orange. 30.6-32.7 128-132
37.7-42.4 145-155 32.7-34.8 133-137 Green/yellow.
42.4-84 4+ 156-255 Red. 34.8-36.9 138-142
36.9-38.6 143-146 Yellow.
38.6-40.7 147-151
40.7-42.8 152-156 Orange.
42,8-44.9 157-161
44, 9-84 4+ 162-255 Red.

thermal data on structural control of heat emission in
the areas of active volcanic processes, and to monitor
the volcano for evidence of increased heat flow or in-
creased volcanic activity at any new locations, espe-
cially on its flanks. Many of the features observed
during this period were still relatively inaccessible to
field investigation at least part of the time, and

ground temperatures around the crater rim and dome
surfaces were not well known at the time of the
surveys. The images obtained show structure patterns
that can be correlated with fracture systems in the
crater-floor area and around margins of the June
dome and August dome. The calibrated images ob-
tained in August also provide direct information on
radiometric surface temperatures and differential ra-
diant exitance from various surfaces. Night and
predawn infrared images, obtained during times of
diurnal surface temperature minima, were used for
these objectives.
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HELICOPTER-BASED THERMAL
OBSERVATIONS AFTER MAY 18

Helicopter-based observations using a Hughes
ProbEye video-recording system were made May 20,
24, 30, and 31, and also through June with a forward-
looking infrared scanner (FLIR).! On May 20 thick
haze severely hampered measurements, and only the
west and northwest azimuths were accessible. Small
fires and hot spots within debris flows were located.
At 1600 PDT May 20, the pyroclastic deposits on the

IFLIR thermographic images published with permission of FLIR Systems, Inc.,
Lake Oswego, Oreg.
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Figure 167.— Vertical thermal image of crater floor. Area where dome emerged on about June 12 appears warmer than on
earlier images (fig. 166). AAS-24A scanner thermal image from Oregon Army National Guard. June 8, 1980, 2128 PDT;

8-14 um region. Hottest areas appear white on A and black on B.

west and northwest flanks of Mount St. Helens had
about 8° to 10°C variation.

The May 24 observations, made largely below
thick clouds, covered the east and north sides of
Mount St. Helens. Small fires were abundant north-
east of the mountain. No primary heat sources were
found on the flanks, although many secondary heat
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sources were active in the debris-avalanche deposits
southwest of Spirit Lake.

On May 30 the pyroclastic deposits within gullies
on the upper flanks (above 1,830 m) typically were
6°C warmer than the ridges covered by thin ash. The
maximum thermal contrast observed on the flanks
was 15°C (ignoring the general cooling at higher
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Figure 168.—FLIR oblique thermographic image, looking
south from a distance of 13 km. June 19, 1980, 0500-0600
PDT. Vertical exaggeration results from incorrect aspect
ratio of image. Strong thermal emission from crater area,
including dome (arrow) that by this time was 65 m in
height above crater floor. Area to southeast (left and rear
of dome) appears warm to hot. Warm pyroclastic-flow
deposits in area of ramp are prominent.

Figure 169.—FLIR oblique thermographic image, looking
south from a distance of 4.8 km. June 19, 1980, 0500-0600
PDT; 8-14 pm spectral region. Vertical exaggeration
results from incorrect aspect ratio of image. Dome is
distinct from a circular warm area to the southeast within
the crater. Rampart just north of dome remains cool.
Closer position of scanner (relative to figure 168) provided
increased resolution of dome.

elevations). Thermal layering was apparent in cliffs of
the May 18 ash deposit exposed near the crater floor.
Temperature contrasts were as much as 40°C,
although the most active locations were obscured by

Table 27.—Differential radiant exitance in W/m? for three
color-coded temperature levels at Mount St. Helens,
August 13, 1948-1951 PDT

[Refers to figure 173D]

WdA|-Wdd,

Color code waxy
(279=0.437x10% W/m?)  W/m?

for fig. 173D ¢ k (W/m?)

4.643x102 464
5.127x10% 513
7.769x102 777

5.116x102
5.600x10%
8.242x102

Yellow---— 3274363
39.9-43.5

55.7-91.4

306-310
313-317
329-365

Orange----

Incandescent
4.274x103
2.962x10%

4.321.103
2.967x10%

(proper point). 525 798
Lava------ 850 1,123

4,274
29,620

4
wt

we f @

Figure 170.—FLIR oblique thermographic image, looking
south from a distance of 1.6 km. June 19, 1980, 0500-0600
PDT. Vertical exaggeration results from incorrect aspect
ratio of image. Good depiction of thermal structure of
crater and dome (A). Rampart (B, dark) across middle
ground remains cool. Southeast-trending thermal
lineaments (fumarole alinements) appear east (left) of
dome. Note thermal variations on dome surface.

steam. The thermal activity was most intense in the
northwest sector of the crater floor.

On May 31 a warm, thick pyroclastic deposit was
evident low on the northeast flank near Windy Pass.
The warmest ash deposits outside the crater, how-
ever, were near the crater rim, immediately northeast
of the Shoestring Glacier saddle.

INFRARED IMAGES OF JUNE DOME
AND ASSOCIATED DEPOSITS

The thermal emissions associated with the
June dome, the volcanic edifice, and related deposits
are depicted in uncalibrated oblique and vertical
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Figure 171.—Thermal details of emergent dome (d), cool tephra rampart (r), and warm surfaces of pyroclastic deposits
(p) on ramp extending northward out of amphitheater toward Spirit Lake. Within crater area, alined fumaroles demar-
cate southeast-striking fractures, one of which passes beneath a small lake (1, dark = cool) on crater floor. Dark area (cool)
southeast of dome, between dome and inner walls of amphitheater and about equal in area to dome, is outlined by a ring
of fumarolic emission. Hottest areas appear white on A and black on B. AAS-24A scanner vertical thermal image from

Oregon Army National Guard. June 19, 1980, 1000 PDT.

images made between May 31 and July 15, 1980
(figs. 163-172). These images depict locations of hot
pyroclastic deposits, warm ground within the crater,
and the evolution of the June dome. A triangular patch
of ash high on the northwest flank that was first
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observed on May 20 remained thermally distinct
through June 3 (figs. 164, 165).

The emergence of the June dome can be dated with-
in limits by the infrared images. On May 31 no ther-
mal expression of a near-surface dome is evident



(fig. 163). In contrast, by June 7 a low and relatively
cool topographic feature is apparent on the crater
floor (fig. 166), possibly indicating the rise of the
June dome close to the surface. Other images show
hot areas on the crater floor where the dome subse-
quently appeared (fig. 167). Following the eruption of
June 12, a radar image (not figured) showed an emer-

gent dome on June 13 (1415 PDT), providing a a basis
for estimating the rate of dome growth and its energy
yield (Friedman, Olhoeft, and others, this volume).
Other images obtained in late June and early July
show thermal emission from the dome and the still-
warm June 12 pyroclastic-flow deposits
(figs. 168-171).

The best thermal image obtained between the erup-
tion of June 12 and July 22 (fig. 172) depicts structures
of the crater floor and amphitheater. Radial and con-
centric fractures are well developed on the June
dome, and en-echelon fractures east of the dome ap-
pear related to the location of the dome and at least
one smaller hot spot farther northeast. Individual
fractures strike northwest, but the en-echelon set
trends north-northeast and includes an alined fracture
on the dome surface.

INFRARED IMAGES OF THE AUGUST
DOME AND PYROCLASTIC-FLOW
DEPOSITS

Calibrated infrared images of the dome that em-
erged on August 7, obtained by the USGS on August
11-14, were color coded by computer processing
(fig. 173). A linear temperature scale between 0°C
and 50°C provides calibration (tables 24-26) and
relates color coding to integrated radiometric
temperature increments. An approximately trimodal
temperature distribution separates ambient terrain
(< 5° to 17°C) from pyroclastic flow deposits (18° to
32°C) and thermal features of the amphitheater (32°

Figure 172.—Thermal emission from crater floor and am-
phitheater. Dome fracture pattern (1) is radial and concen-
tric or annular, giving spiderweb appearance. En echelon
fractures (2) east of dome appear related to location of
dome and a smaller hot spot northeast of dome. Individual
fractures strike northwest, but en-echelon set trends north-
northwest. A fracture in dome surface (3) appears alined
with the southernmost northwest-striking fracture.
Another smaller hot spot or vent appears to be controlled
by this alinement. Inset shows, in more detail, spiderweb
and annular fracture patterns of dome. AAS-24A scanner
vertical thermal image from Oregon Army National
Guard. July 15, 1980, 2030 PDT.
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Figure 173.— Vertical thermal images of Mount St. Helens. RS-14A scanner; 8-14 um region; 4,572 m flight altitude. U.S.
Geological Survey calibrated color-coded images processed by computer; 3 mrad (milliradian) spatial resolution. Ver-
tical stripe on side of image indicates color-coded temperature of upper blackbody of RS-14A scanner. A, August 13,
0530 PDT. Color-coded image showing thermal details of figure 173B, based on finer color coding of hotter regions. B,

to >90°C). The August dome has the highest
temperatures, although its carapace had cooled
significantly since its emplacement. A concentric pat-
tern in the August dome may delineate growth ridges
or annular fractures, as in the June dome. East-
southeast of the August dome is a “hot spot,” perhaps
the same as that appearing on the image of July 15
(fig. 172). Northwest-striking alined hot spots

delineate two of the three fractures seen prominently
on July 15 (fig. 172). The middle northwest-striking
fracture of the July 15 image (fig. 172) is obscured on
the image of August 13 (fig. 173D) by the cold pat-
tern (dark blue) caused by a vapor plume or cloud in
the southeast quadrant of the amphitheater.

Surfaces of the pyroclastic-flow deposits have
temperatures slightly higher than their surroundings,



August 13, 0530 PDT, showing crater, dome, amphitheater, and pyroclastic-flow deposits. C, August 13, 1941-1943
PDT, showing crater, amphitheater, and pyroclastic-flow deposits. D, August 13, 1948-1951 PDT, showing crater, am-
phitheater, and pyroclastic-flow deposits.

both in the late evening and also in the early morning,
attesting to continuing heat loss from the cores of
these flows.

The August dome (figs. 174, 175C) appears as a hot
core in the crater. A roughly concentric pattern of
heat emission also occurs along the inner wall of the
crater, but expands into a particularly extensive area
across the southeast part of the crater floor. The more
intense pattern represents areas of fumarolic activity

or the hot dome surface. The less intense, diffuse
background pattern represents pyroclastic deposits
that fill the crater and extend down the north flank of
the volcano. Individual thermal lineaments are
associated with a 15-m-wide dike on the south wall
(fig. 174) and with ground fractures. Most of the frac-
tures occur in new pyroclastic deposits, perhaps from
settling, but one northwest lineament on the west
crater wall is probably related to a major structural
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Figure 174.—Daedalus multispectral vertical scanner image, from EG&G. August 20, 1980, 0330 PDT; 8-14 um region.
Hottest areas appear white on A and black on B.

trend cutting across the core of the volcano (Weaver

and others, this volume). The orientation of the dome HEAT FLOW

and the southeast thermal cluster also suggest

northwest-trending structural control of heat Differential radiant exitance (WdA,-Wd\,, a
emission. measure of the change in power radiated per unit
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area, relative to that of a standard surface) can be
estimated for moderate to high heat flows from figure
173, using a two-point differential radiant exitance
model (Birnie, 1973; Friedman and Frank, 1980). The
blackbody radiation from warm or hot surfaces in re-
lation to a cool reference surface (5.7°C) on August
13, 1980, was calculated from radiometric surface
temperatures (table 27, fig. 176A and B). The crater
floor and inner ramp, for example, average about
464 W/m?; fumarolic areas about 513 W/m?, and the
carapace of the August dome about 777 W/m?. The
differential radiant exitance from incandescent cracks
ranges between 4 X 10° and 3 X 10* W/m? (table 27).

From the surface temperatures derived from the
RS-14A images (fig. 173), we can next estimate the
total heat flow in the crater area by application of a
two-point differential geothermal-flux model
(Sekioka and Yuhara, 1974). Although the Sekioka
and Yuhara model requires analysis of micrometeoro-
logical factors not readily available for the present
study, the corrections would be small. From analo-
gous investigations (Friedman and Frank, 1980,
p. 30), we can infer that between eruptions, the ra-
diant heat loss is typically between 4 and 10 percent
of the total volcanic heat flux (the examples used are
Mount Baker, 1975; Surtsey, Iceland, 1966; Alae lava
lake, Hawaii, about 1964).

From our infrared data of August 13, 1980, the dif-
ferential radiant flux for the August dome averaged
777 W/m? (or greater from incandescent cracks) and
464 W/m? for the crater floor area (and greater for
areas of fumaroles (table 27) ). Integrating these dif-
ferential radiant flux estimates over the August dome
area of 23,000 m? and crater floor area of 785,000 m?
(tig. 175C) yields a flux estimate of 18+ MW for the
August dome and 354 MW for the crater floor area,
exclusive of the dome. Using the estimated partition
of radiant flux energy, the total flux from the volcano
on August 13 was 0.4-1.0x 10* MW.

From the heat content, volumetric growth rate and
density of the June dome, Friedman, Olhoeft, and
others (this volume) estimated a rate of thermal
energy yield of between 2.9 and 3.7 x 10* MW for the
active stage of dome growth. Our present radiant-flux

and energy partition estimates suggest that on August
13 the total heat flow was 10-35 percent of that
during the active June phase of dome growth.

STRUCTURAL IMPLICATIONS

The concentric and radial fracture pattern, inferred
from the infrared images around the June dome and
to a lesser extent the August dome (fig. 175), is com-
patible with geologic models of fracture systems
around vertically elongate magma chambers. Dome
fracture patterns can be used to infer the geometry of
the extrusive. Cylindrical magma chambers that con-
tain intermediate-composition magmas have many
structural features in common with dacite plugs and
domes. Koide and Bhattacharji (1975) found that
radial and concentric extension fractures develop in
plan around vertically elongate magma bodies as a
response to stress when magma pressure exceeds
lithostatic confining pressure. Under these conditions,
stress contours (in section) near the apex of the
magma column can be expected to be arcuate, with
one of the maximum shear directions dipping toward
the axis of the magma column. We infer that under
the tephra and breccia of the crater floor is a vestigial
fracture pattern, which we can observe in the infrared
images. Emplacement of the June dome was accom-
panied by development of a concentric and radial
fracture system, which also controlled the develop-
ment of a breccia zone around the dome, hence the
concentric development of fumaroles on the crater
floor.

Thus, northwest-striking fractures, marked by
alined fumaroles, have controlled, within a central
volcano, the location of the main eruptive center and
several secondary hot spots. The en-echelon pattern
of these fractures (that is, the northwesterly strike of
individual fractures and the nearly north-south trend
of the set) expresses at Mount St. Helens an inferred
structural control of Cascade Range volcanoes along
northwest-striking en-echelon structures whose
distribution is north-south, parallel to the plate
margin (Weaver and others, this volume).
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THE 1980 ERUPTIONS OF MOUNT ST. HELENS, WASHINGTON

SUMMARY OF TEMPERATURE STUDIES
OF 1980 DEPOSITS

By NORMAN G. BANKS and RICHARD P. HOBLITT

ABSTRACT

Temperatures were measured in deposits of the May 18 debris
avalanche and directed blast and in the pyroclastic-flow deposits
of the May 18, May 25, June 12, July 22, August 7, and October
17 eruptions. The measurements were supplemented by studies of
the heat effects on tree remnants and plastics exposed to the May
18 directed blast and on wood included in the resulting deposit.
Efforts are underway to mathematically recover the emplacement
temperatures of deposits that cooled before they were measured,
and techniques are being developed to measure temperatures in
moving and newly deposited pyroclastic flows.

Emplacement temperatures of the debris avalanche ranged
from about 70° to 100°C, and those of the directed blast ranged
from about 100° to 300°C and varied with azimuth from the
volcano. Emplacement temperatures of the pyroclastic-flow
deposits ranged from about 300° to 730°C, near-vent deposits
were emplaced at about 750°-850°C, and, in general, the more re-
cent eruptions have emplaced deposits at higher temperatures
than did the earlier eruptions.

The temperatures in the pyroclastic-flow deposits did not
substantially decrease along the path of flow, and deposits of the
directed blast behaved similarly along flow paths as far as 20 km
from the vent. The data suggest that, after initial rapid cooling of
several hundred degrees by adiabatic expansion and incorpora-
tion of air during eruption and development of flowage, the main
body of both the directed blast and the pumiceous pyroclastic
flows incorporated little cool air along the flow path except at the
front where mixing, turbulence, and deposition occurred.

INTRODUCTION

Temperature studies of the eruptive products of
Mount St. Helens were begun 2 days after the par-
oxysmal eruption of May 18. We summarize here
direct temperature measurements on deposits of the
directed blast and debris avalanche of May 18 and on
the pyroclastic-flow deposits of May 18, May 25,
June 12, July 22, August 7, and October 17. We also
present preliminary information on the thermal ef-
fects of the directed blast of May 18 on plastics, trees,
and blast-buried wood. Three studies are in progress:
(1) analyses that should yield quantitative estimates
of the temperatures experienced by the trees and
buried wood; (2) efforts to mathematically recover
emplacement temperatures at localities where delays
resulting from poor weather, inappropriate equip-
ment, access problems, the immense area requiring
examination, and considerations of safety precluded
the obtainment of isothermal profiles; and (3) devel-
opment of new techniques of measuring tempera-
tures, such as aerially emplaced, radio-controlled,
thermocouple probes, and the use of temperature-
sensitive paints to determine temperatures in ash
clouds.
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The cooling history data currently being collected
are expected to provide in-place thermal parameters
of pyroclastic-flow deposits and to be useful to other
studies such as petrology (welding, devitrification,
vapor-phase transport), magnetic properties, and
other physical parameters of pyroclastic flow
deposits.
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PREVIOUS WORK

Few temperatures have been measured in
pyroclastic-flow deposits of stratovolcanoes, owing
to inaccessibility, long repose times, considerations of
safety, and lack of appropriate equipment. The most
comprehensive studies are those of Allen and Zies
(1923), Zies (1924, 1929), Griggs (1918), Sayre and
Hagelbarger (1919), Kozu (1934), Kienle and Swan-
son (1980), and Johnston (1978), and some addtional
data are found in Gorshkov and Dubik (1970) and
Gorshkov (1959). Temperatures of pyroclastic
deposits also have been inferred from optical proper-
ties of ash flows, from the thermal effects on articles
incorporated by or in the path of pyroclastic flows,
and from theoretical and laboratory studies (Perret,
1937; Macdonald and Alcaraz, 1956; Cotton, 1952,
p. 200; Van Bemmelen, 1949, p. 192; Taylor, 1958;
Mimura and others, 1975; Maury and others, 1973;
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Aramaki and Akimoto, 1957; Hoblitt and Kellogg,
1979; Gilbert, 1938; Day and Allen, 1925; Smith and
others, 1958; Smith, 1963). Such studies suggest that
the emplacement temperatures of pyroclastic flows of
intermediate and acid composition range from nearly
1000°C to less than 500°C. Smith (1963) attributed
this wide temperature range to cooling of ejecta in a
vertical eruption column rather than to profound dif-
ferences in magma temperatures; cooling during
development of directly emitted flows also may play
a part.

METHODS
DIRECT MEASUREMENTS

Temperatures were measured with chromel-alumel
and Pt-Pt10%Rh (platinum/platinum-10 percent
rhodium) thermocouples and direct-reading, elec-
tronically compensated (cold junction), digital
voltmeters. Although meters and thermocouples were
not calibrated with standards of known melting
temperature (except ice), temperatures measured on
the same thermocouple with as many as five meters
invariably agreed within 1°-2°C of the same value, as
did temperatures from several adjacent thermo-
couples (of two types) implanted to the same depth.

Several configurations of thermocouples were
used. Most commonly, we used individual metal-
sheathed thermocouples (1.5-mm diameter and as
much as 10 m long, or 6-mm diameter and as much as
3 m long), strings of metal-sheathed thermocouples
(1-3 m long for rapid profiling), and strings of Teflon-
insulated thermocouples (to monitor cooling
histories). When possible, the sheathed thermo-
couples were inserted directly into the deposits. For
less penetrable deposits and for deeper measurements,
the thermocouples were inserted into standard
1/2-in. i.d. (inside diameter) plumbing pipe that had
been implanted and allowed to thermally equilibrate
(4-5 hr). Profiles obtained in pipes 5 hr to 16 days
after implantation were identical to those obtained by
direct insertion of thermocouples at the same site.
Thermocouples inserted stepwise into a deposit or a
pipe reached thermal equilibrium within 5-10 min.

We considered that emplacement temperatures
were obtained when a segment of a temperature pro-



file was isothermal. Thus, whenever possible, we ob-
tained temperature profiles in preference to single
measurements. Additionally, the profiles will allow
mathematical determination of the thermal properties
of deposits and of emplacement temperatures at those
sites where we were unable to obtain isothermal
segments.

As the study evolved, we developed and adhered
(to the extent that conditions allowed) to the follow-
ing strategy. Measurements were first made at the
distal, middle, and proximal parts of a flow deposit;
then measurements were made across the axis of the
flow path at these and additional localities. A similar
strategy, along three evenly spaced radial traverses
outward from the vent, maximizes efficiency in meas-
uring temperatures on deposits of directed blasts.

THERMAL EFFECTS ON PLASTICS

The thermal effects on eight vehicles and one piece
of heavy equipment were examined to provide infor-
mation about temperatures within the directed blast.
Significant thermal effects were found only in
plastics, apparently because of the short duration of
the thermal pulse, the low thermal diffusivities of the
plastic, and the low temperature required to soften
and decompose polymer plastics. Plastics from vehi-
cle turn signal lights, tail lights, and instrument panels
were used to standardize the data at all sites. Com-
parative samples were obtained from vehicles of the
same type and year of manufacture as those in the
devastated area, and the standard materials were ex-
posed (Davis and others, 1980) to various thermal
cycles in a forced-air oven or in silicone oil. The two
media were used to bound the natural case—ash-
laden air of unknown humidity, velocity, and content
of juvenile gases.

Davis visually compared the standards with the
matching artifacts to yield the best estimates of the
time-temperature history of the samples (Hoblitt and
others, 1980; Davis and others, 1980). Several criteria
were used: temperatures required to initiate flowage
or decomposition, depth of penetration of the ther-
mal effects, flowage characteristics, foaming charac-
teristics, bubble size, and bubble distribution.
Because of unknowns such as the time of exposure
and the heat-transfer coefficients of the pyroclastic

cloud, it is difficult to quantify the uncertainty in the
temperature estimates.

THERMAL EFFECTS ON TREES AND
BURIED WOOD

To supplement the data from the plastics and the
direct temperature measurements of the deposits of
the directed blast, we examined the thermal effects on
trees that were still standing in the devastated zone
and on the wood included in the blast deposits. Data
were taken at about 60 sites along eight radial
traverses centered on Mount St. Helens. At each site,
50-200 trees (usually within an area of 10*-10° m?)
and wood buried in the deposit were empirically
ranked according to the example in table 28. The
ranking procedure was standardized by examining
only those tree parts that were 1-5 cm in diameter and
30-100 cm above the ground. The buried wood came
from the center of the deposit. Samples of buried
wood, trees, and blast deposit that were collected
at each site are presently being analyzed more
quantitatively.

SUMMARY OF TEMPERATURE
STUDIES

The eruptive history and resultant stratigraphy of
the Mount St. Helens eruptions of 1980 appear in
detail elsewhere in this volume. However, for ease of
reference, the map distribution and an outline of the
major events are presented in figure 177 and table 29,
respectively.

DEBRIS AVALANCHE OF MAY 18

Temperatures of 68°-98°C were measured at five
localities on the debris avalanche along the North
Fork Toutle River and at one locality north of Spirit
Lake (fig. 178A; table 30) between 10 and 12 days
after emplacement. At each locality, four or five
measurements were made at depths of 1-1.5 m. A
thermal profile was measured at only one locality;
however, the thermal gradient was steep, between 0.5
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Table 28. —Criteria for ranking of thermal effects on tree remnants and on wood buried by the directed blast
of May 18, 1980 and an example of the data obtained from trees examined at a single locality
[Colors from rock chart of Goddard and others (1948)]

Thermal effects on trees Thermal effects on trees at one locality
Fraction Frac—
No. of Scorch tional Thermal
Visible effects of popula- rank scorch Visible effects rank
trees tion rank
Green needles——-—--- 0 0 0 0 Green needleg———=——====————————u 0
Needles singed------ 0 0 1 0 Wood flexible———==m—mmmm——————e 1
Bark heat-checked®-- 0 0 2 0 Wood brittle-———-m—m-mmmmmmmmmm 2
Wood heat-checked?-- 0 0 3 0 Slight smell of distillation,
not discolored--—-—--——--=-———-- 3
Spotty wood tanning- 0 0 4 0 Smell of distillation, not
discolored-————=~———————————=-—- 4
Wood tanning3: 60° 0 0 5 0 Strong smell of distillation,
brittle, surface discolored,
no streak 5
120° 0 0 6 0 As above, hard, yellowish
brown streak 10YR6/2---—----- 6
180° 0 0 7 0 As above, hard, pale-olive-
gray streak 7
240° 0 0 8 0 Brownish wood, hard, moderate-
yellowish-brown streak
10YR5/2 8
300° 0 0 9 0 As above, hard, light-olive
streak 5Y6/1 9
360° 0 0 10 0 As above, hard, medium-olive-
gray streak 5Y5/l-——-—=-—-——- 10
Spotty wood charring 0 0 11 0 Brown wood, hard, light-gray
streak N7 11
Wood charring3: 60° 0 0 12 0 Dark-brown wood, soft, brownish-
red streak 5YR5/l-——-=———————- 12
120° 2 0.11 13 0.13 Chocolate-brown wood, dark-
yellowish-brown streak
10YR4/2 - 13
180° 7 0.04 14 0.56 Chocolate-brown wood,
moderately yellowish brown
streak 10YR4/4-———————-—————— 14
240° 18 0.10 15 1.50 Brownish-black charcoal, dark-
yellowish-brown streak
10YR3/4 15
300° 39 0.22 16 3.50 Black vitreous charcoal, dusky
brown streak S5YR3/2--—-—————- 16
360° - 11l 0.63 17 10.71 As above, very dusky red
streak 10R2/2-=—-—=—=—==e=mm 17
Totals——- 177 1.0 16.4 Observed rank—-—----------- 16

lpractional scorch rank=(fraction of population)x(scorch rank).

Heat-induced cracks.
Angular circumference affected.

and 1.4 m, and was isothermal below 1.4 m. Thus,
the temperatures obtained at the four other localities
in the Toutle River probably represent temperatures
near those of emplacement. Temperatures were meas-
ured at five other localities (9°-33°C) by Barry Voight
between May 30, and June 3 (written commun.,
1980); however, all were measured in pits less than
0.5 m deep.

The debris-avalanche deposits consist dominantly
of old rocks that composed the north flank of the
mountain, and the low temperatures measured agree
with the low percentage of juvenile material present.
The fractured old rock probably was heated by steam
or water derived from the hydrothermal system asso-
ciated with the cryptodome.

The measured temperatures decrease away from
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Table 29.—Generalized chronology of deposit-
forming events, Mount St. Helens, Wash., 1980
[PDT, Pacific Daylight time]

Time .
Date (PDT) Type of deposit
Oct. 17 2116 Pumiceous pyroclastic flow.
Oct. 17 0935 Do.
Aug. 7 1623 Do.
July 22 1900 Do.
July 22 1830 Do.
June 12 1905- Do.
2400
May 25 0232 Do.
May 18-25 -—-——- Minor eruptions, mudflows.
May 18 ~1217(?)- Pumiceous pyroclastic flows;
~1730 at least six events.
May 18 ~0835- Mud flows.
2400
May 18 ~0833- Directed blast.
~0845
May 18 0832- Debris avalanche.
~0842
March 27- Phreatic eruptions,
May 18 -——= mud flows.

the summit along the North Fork Toutle River lobe
(fig. 179), suggesting that progressively deeper (hot-
ter) levels of the mountain fed the debris-avalanche,
or, less likely, that there was downflow incorporation
of air, water, and debris from the river bed. The
temperature obtained by Barry Voight (written com-
mun., 1980) for the flow lobe north of Spirit Lake
plots well below the curve for the North Fork Toutle
lobe (inverted triangle, fig. 179). This low tempera-
ture could be attributed to the shallow depth of the
measurement (0.5 m), to cooling due to incorporation
of Spirit Lake water, or to different sources for the
two lobes of the debris flow.

DIRECTED BLAST OF MAY 18, 1980

Temperatures ranging from about 70° to 277°C
were measured at 21 localities in deposits of the
directed blast (table 30, fig. 178B-C). All but one of
these localities were on ponded deposits in topo-
graphic lows. Temperature profiles were measured at
one or more sites at 17 of these localities; single meas-
urements were made at four other localities.

Isothermal profiles, indicative of emplacement
temperatures, were obtained in ponded deposits in six
drainages (Studebaker Creek, North Fork Toutle
River below Coldwater Ridge, three flow units in
South Coldwater Creek, west Shultz Creek, creek
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near Lang Mine, west arm of Spirit Lake; for location
of drainages, see pl. 1 and fig. 177). Comparisons of
near-isothermal profiles and single measurements
with isothermal profiles from adjacent or nearby sites
suggest that temperatures near those of emplacement
were obtained at six other localities (one more in
Studebaker Creek, two in Castle Creek, south fork of
Castle Creek, Jackson Creek, Smith Creek; figs. 177,
178), representing four additional drainages.

Two features of the data are notable: (1) emplace-
ment temperatures change little or even increase
along individual flow paths between 4 and 20 km
from the vent (fig. 180A,C-F), and (2) emplacement
temperatures vary with azimuth from the mountain
(fig. 180B). Deposits in the eastern sector of the
devastated area were emplaced at higher tempera-
tures than were those in the northern sector, which in
turn were hotter than deposits in the western sector
(fig. 178C; compare figs. 180C-F).

Field and temperature evidence suggests that more
than one flow unit constituted the ponded deposits of
the directed blast in several drainages. An emplace-
ment temperature of 143°C was obtained from the
lower part of South Coldwater Creek, whereas at an
upstream locality, temperatures of 116° and 109°C
were obtained for a lower unit and an upper unit,
respectively (fig. 178C). Similarly in Smith Creek, the
upper temperature profile at one locality is isothermal
at 170°C with hotter strata beneath (>248°C;
fig. 178C).
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Figure 179.—Measured temperature versus distance of
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Temperatures estimated for the directed blast from
study of the plastics (fig. 178D; Hoblitt and others,
1980; Davis and others, 1980) are similar in pattern to
that of the emplacement temperatures. The estimates
are somewhat higher than the emplacement tempera-
tures, however, and temperatures of clasts imbedded
in the plastics appear to have been 100°C above the
overall temperature experienced by the plastic.
Plastics on the downflow side of vehicles and in “pro-
tected” sites behind seats and under papers and
clothes were generally unaffected.

The shape and size of the bubbles and the depth of
bubble nucleation indicate that the temperature peak
passed within 1-10 min at all localities, and that the
temperature dropped rapidly below 150°C. This short
period of peak temperature is consistent with eyewit-
ness reports, with the survival of paints, color film,
cans of beer, polystyrene insulation, and, in the
northern and western sectors of the devastated area,
with the lack of charring of newsprint (charring tem-
perature of about 250°C). Taylor (1958) also sug-
gested a short peak period from studies of plastics ex-
posed to the pyroclastic flow of Mount Lamington in
1951.

The qualitative ranking of the thermal effects on
tree remnants (fig. 178E) and buried wood (fig. 178F)
also indicates that the eastern sector experienced the

highest temperatures in the devastated area. In addi-
tion, these data indicate that thermal effects on the
trees and buried wood decreased markedly near the
margins of the blast zone (compare fig. 180 with
figs. 181 and 182). The thermal effects on the trees
and buried wood correlate generally with the percent-
age of juvenile gray dacite in the blast deposit
(fig. 178F; Moore and Sisson, this volume).

PYROCLASTIC-FLOW DEPOSITS OF MAY 18

Emplacement and near-emplacement temperatures
ranged from 418° to 297°C in the pyroclastic-flow
deposits of May 18 (table 30). Temperatures were
measured at 13 localities between 1.8 and 9 km from
the vent. Attempts to obtain emplacement tempera-
tures nearer to the vent than 1.8 km were frustrated
because deposits were thin and spotty and had cooled
appreciably before they were visited and because con-
ditions were unsafe on the rampart around the vent
until after the June 12 eruption.

Isothermal segments (297°, 326°, 342°, and 367°C,
fig. 183A, table 30) were measured at four localities,
and nearly isothermal segments were measured close
to the vent (418°C; fig. 183A) and 1.5 km north of the
main flowage deposits in deposits from the ash cloud
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Table 30.—Summary of emplacement and minimum temperatures of deposits, Mount St. Helens, Wash., May
18-October 17, 1980

[Times are PDT; temp, temperature; C, Celsius; km, kilometer; hr, hour; min, minute; m, meter]

Range Distance
of from
Deposit Description of deposits1 temp vent Summary of measurement
c) (km)
Deposits of debris avalanche
May 18 Deposits as much as 120 m thick; 68-98 7.4-25.2 Six localities, isothermal profile (98°C) at one
0832 heterogeneous rock mass composed locality, several single temps to 1.5 m at
PDT of N. flank of volcano; emplaced other localities.
dry, speeds in excess of
200 km/hr; 2.5 kmo.
Deposits of directed blast

May 18 Explosive eruption, 4-unit stratig- M70- 3.7-19.3 Several sites at 21 localities, some with two or
raphy; 30->60 percent gray M277 three flow units; several single temps to 1.5-m
dacite of cryptodome; local depth at four localities, 23 temp profiles, 11
ponded deposits to >10 m thick; isothermal for at least one flow unit; little
speeds in excess of 200-400 km/hr, or no down-flow varia:ion of temp; azimuthal
550 km? area, 0.18 km3. variation in temp.

Pumiceous pyroclastic flows--flowage deposits of ash, pumice lapilli and blocks

May 18 Deposits mostly north of the vent; M96- 1.8-9.5 Fourteen localities, 13 north of vent, one on
thicken downflow, 0-0.3 m at M418 east flank of volcano; temp profiles at six
0.3-2 km from vent, l-m thick localities, six isothermal or nearly isothermal;
deposits and a few 1- to 5-m single temps to 1.5-m depth at six localities,
thick ponded deposits at 2- two in the same area but separated strati-

4 km from vent, as much as 30+ m graphically by 30 m of deposit suggested an
thick 4-8 km from vent; fine- isothermal section for a seventh location;
grained ash-cloud deposit 8-20 km little across-flow and down-flow variaton of
NNE. of volcano; 0.15 km>. temp.

May 25 Rootless and <3 m thick; negligible M155- 2.7-4.4 Temperature profiles through the deposits at two
volume. M156 localities; curves already parabolic when

measured 6 days after the eruption.

June 12 Flows generally 1-5 m thick, ponded 361- 4.4-7.4 Seven localities; 13 temp profiles; 12 isothermal
at base of stairsteps and in 602 or near isothermal; some profiles suggested
phreatic pits in May 18 presence of two to three flow units (totaling
deposits; 0.04 km3 four units); older units hotter (about 370°,

450°, 490°, 600°C); little down-flow
variation in temp.

July 22 Flows <1-2 m thick; two events, 640~ 3.4-6.9 Seven localities; several isothermal profiles at
1830 and 1900; 0.02 kmS. 7050 three localities, 35 min to 22 hr after emplace-

M508- ment; several profiles measured at four other
270L localities during mext 25 days; lower (1830-hr)
flow unit (L) emplaced at lower temps than
upper (1900-hr) flow unit (U); little down-flow
variation of temp.

Aug. 7 Flows <1-2 m thick; one event 640- 0.2-4.4 Three localities, several profiles with one or
observed at 1623; negligible 828 more isothermal or near-isothermal at each
volume. locality; high temp in near-vent ejecta; little

down-flow variation in temp in flowage deposit.

Oct. 17 Flows <1-2 m thick; two events, M567~ 0.0-4.3 Four localities; several profiles at two; single
0935 and 2116; negligible M849U and partial profiles at two; 0935-hr unit (L)
volume. 465L emplaced at lower temperature than upper 2116-hr

flow (U); high temp in near-vent ejecta; little
down-flow variation in temp in flowage deposits.

1Volumes cited are from oral communications with R. W. Decker, R. J. Janda, J. G. Moore, P. D. Rowley,
R. B. Waitt, Jr. Velocities from R. W. Decker.
M, minimum temperature; U, upper flow unit; L, lower flow unit.
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that accompanied the pumiceous pyroclastic flows
(159°C; fig. 183A). Two of the single temperature
measurements yielded the same value (307°C,
fig. 183A), although obtained at sites separated
horizontally by 850 m and stratigraphically by at
least seven flow units that had an aggregate thickness
of 30 m. Thus, they are probably emplacement tem-
peratures. Other single measurements gave tempera-
tures of 217°, 297°, 288°, 270°, and 305°C at depths of
1-1.5m.

The low temperature (217°C; fig. 183A) was ob-
tained at 1.5-m depth in surge deposits of unknown
thickness that locally mantle the flowage deposits.
The surge deposits were produced when phreatic ex-
plosions over the former bed of the North Fork Tou-
tle River excavated debris pits in the pyroclastic-flow
deposits. Consequently, this temperature is not repre-
sentative of the underlying flowage deposits. Simi-
larly, a temperature of 96°C obtained at a depth of
1 m 4 days after the eruption (east of the mountain
and not shown on fig. 183 or in table 30) is thought
not to be an emplacement temperature. This value
equals the boiling point of water at the site.

Emplacement temperatures vary little across the
direction of flowage of the deposits (fig. 183A), and
although the measurement taken nearest to the vent
was somewhat greater than the others, temperatures
did not drop significantly between 1.8 and 7 km from
the vent (fig. 184A). On the other hand, the tempera-
ture measured in the deposit from the ash cloud
(159°C) was significantly lower than that in the flow-
age deposits (fig. 184A).

PYROCLASTIC-FLOW DEPOSITS OF MAY 25

Two areally restricted pyroclastic-flow deposits
resulted from the eruption of May 25. The main
deposit terminated at 3,900 ft elevation, below what
is informally called the stairsteps (fig. 183B). A
smaller deposit was emplaced on top of deposits of
May 18 on the Forsyth Glacier between about 6,000
and 5,000 ft elevation. Because of poor weather, these
deposits were not discovered (by another field party)
until 2 days after the eruption, and temperature meas-
urements were not made until 6 days after emplace-
ment. Temperature profiles, measured near the distal
ends of both lobes where the deposits were thickest
(as much as 3 m), were parabolic; thus, emplacement
temperatures were not obtained. The maximum tem-
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