Explosive tephra emissions at Mount St. Helens, 1989-1991:
The violent escape of magmatic gas following storms?
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ABSTRACT

From 24 August 1989 until 18 June 1991,
Mount St. Helens produced at least 28 shal-
low, explosion-like seismic events with sig-
natures similar to those produced by gas ex-
plosions on the dome during the mid 1980s.
At least six were accompanied by violent
emission of non-juvenile tephra, ejection of
blocks of rock nearly 1 km from the vent,
and avalanching of debris off the north side
of the dome. Four produced no emission of
tephra, and the remainder occurred when
the crater could not be observed (although
later crater visits found no new tephra de-
posits). All six confirmed emissions and
most (although not all) other seismic events
took place hours to days after storms. Over
time periods ranging from 2 to 15 days, sta-
tistical goodness of fit tests give a probability
of 1 x 1072 to 1 x 10™* that the precipita-
tion prior to emissions was fortuitously
greater than normal. Similar tests for pre-
cipitation prior to all 28 events give proba-
bilities of 3 X 10~2 to 1 X 10~>. The short
delay between storms and emissions sug-
gests that the events that follow storms orig-
inate at very shallow depth, probably within
the dome itself. Although the exact causal
mechanism is not known, it is speculated
that slope instability or accelerated growth
of cooling fractures following storms may
have released gas trapped within or at the
base of the dome. Of the events that did not
follow storms, three were located seismi-
cally between 1.4 and 2.1 km depth. Thus
the events as a group are not confined to
shallow depth and probably record gas
transport from a deeper, magmatic source.
A deep source is also suggested by an un-
precedented, 4-yr-long increase in back-
ground seismicity at 2- to 9-km depth that
peaked in 1989 and 1990. Calculations
indicate that the energy content of gas
exsolved from the crystallizing conduit
was probably sufficient to power the
emissions.

INTRODUCTION

In the spring of 1980, Mount St. Helens in
southwestern Washington State (Fig. 1), be-
gan a decade-long period of eruptive activity
that bas been among the most extensively
documented of any eruptive sequence {for
example, Lipman and Mullineaux, 1981; Pal-
lister and others, 1992). The activity included
six major Plinian eruptions in 1980, followed
by six years of dome growth from October
1980 to October 1986. From October 1986 un-
til mid-1989, Mount St. Helens was relatively
quiet. On 24 August 1989, however, Mount
St. Helens was rocked again by a shallow
seismic event strikingly similar to signals of
the early and mid-1980s that had accompa-
nied explosive emissions of steam and ash
(Jonientz-Trisler and others, 1991). From Au-
gust 1989 until June 1991, there followed at
least 27 more shallow, explosion-like seismic
events of this type. At least six produced vi-
olent emissions of gas (mostly steam) and
tephra, showers of ballistically ejected blocks
that covered the crater floor, and small debris
flows that traveled down the Toutle River
Valley.

Small gas explosions of this type in the past
have not been especially well documented or
their triggering mechanisms well understood,
but recent deaths at Galeras Volcano, Co-
lombia, and Guagua Pichincha, Ecuador,
from etuptions of this type (Kerr, 1993) dem-
onstrate the need to understand and predict
them. The emissions at Mount St. Helens
show important similarities to the eruptions
at Galeras and Guagua Pichincha in two re-
spects: as at Galeras (Kerr, 1993), volatile ex-
solution from magma is a plausible source of
gas for these events; as at Guagua Pichincha
(Smithsonian Institution, 1993), the emis-
sions at Mount St. Helens are associated with
periods of wet weather. Although associa-
tions between gas or steam explosions and
rainfall have been mentioned in past studies
(for example, McBirney, 1955; Murray,
1980), this is the first case known to this au-
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thor where such a correlation has been sta-
tistically documented. This paper describes
these events and interprets their cause.

DESCRIPTION OF THE EVENTS

In contrast to the magmatic eruptions of
the early and mid-1980s (Chadwick and oth-
ers, 1983; Dzurisin and others, 1983; Swan-
son and others, 1983), the shallow, explosion-
like seismic events of August 1989 and later
had no apparent short-term precursors. Seis-
micity at 2- to 9-km depth below the crater
had been increasing gradually since late 1987
{Moran, in press), but did not deviate signif-
icantly from this trend in the days or weeks
preceding any of the events. Tiltmeters and
repeated geodetic surveys also recorded no
uplift of the crater floor or other deformation
that could be intrusion-related.

The onsets to the seismic events ranged
from emergent to abrupt. Within the crater,
each was characterized by continuous, high-
amplitude shaking of medium frequency (for
example, 5-7 Hz for the 24 August 1989
event) that lasted from less than a minute to
several hours (Fig. 2; Table 1). The signatures
are quite different from discrete, seconds-
long monochromatic - ~0.5-Hz signals in-
ferred to be caused by gas transport at Re-
doubt Volcano (Chouet and others, in press).
The shaking was followed for minutes to
hours by many, small, high-frequency earth-
quakes, at the rate of a few per minute to one
every few minutes. One emission event, on
20 December 1990, was followed for more
than two weeks by several hundred small-
magnitude earthquakes, located below or just
north of the dome. Those occurring in the
first few days were all less than 3 km below
the base of the dome, but later ones ranged to
more than 5 km (S. C. Moran, 1992, written
commun.).

The long duration and high amplitude of
the signal, and the sequence of small earth-
quakes in the latter part of the record distin-
guished shallow, explosion-like seismicity
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from the rumbling of rock fall, the buffeting of
the stations by wind, and the sharp arrivals
and rapid exponential decay (within seconds)
of earthquakes that typify the Mount St.
Helens magmatic system (Jonientz-Trisler
and others, 1991). Strong shaking was gener-
ally confined to the crater, suggesting that the
source was shallow.

Blasts from five of the six confirmed
emissions issued in a northward direction
from a vent on the north shoulder of the
lava dome (NV, Fig. 3). This area overlies
a normal fault scarp on the crater floor that
channeled gas to the surface (as shown, for
example, in Fig. 2 of Chadwick and Swan-
son, 1989) before it was covered by lava
and rock-avalanche debris. One small
event (on 20 December 1990) issued from a
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Figure 1. Map of the Mount St. Helens area.

point on the northeast shoulder of the
dome (EV, Fig. 3), and one {on 5 February
1991; Fig. 4) appeared to have issued from
both vents simultaneously. The largest
blasts ballistically ejected dacite blocks
0.5-1.0 m in diameter (b, Fig. 4) up to 1 km
north of the vent, suggesting ejection ve-
locities of several tens of meters per sec-
ond to more than 100 m per second based
on ballistic relations described in Mastin
(1991). Average velocities were probably
somewhat less (perhaps 40-80 m/s). Ac-
companying or following these blasts were
small ash-cloud surges (producing deposit
ac, Fig. 4) and poorly inflated lithic grav-
ity-driven flows that poured off the dome.
Traces of ash were occasionally blown by
high winds as far as 140 km from the moun-

tain, and white steam plumes were re-
ported by airline pilots as high as 5.5 km
above the dome (perhaps an overesti-
mate). Mixtures of ejecta and melted snow
frequently mobilized into small debris
flows (df, Fig. 4) that propagated north-
ward out of the crater.

The deposits consist of lithic dacite from
the dome, with a small amount (<1%) of
dark, glassy, high-silica andesite or low-silica
dacite that may represent the early (1981) in-
terior of the dome or the conduit (Pallister
and others, 1992). No debris from below the
base of the dome has been found, although a
significant fraction of debris (>10%) is uni-
dentified and may include sub-domal frag-
ments. There is no evidence of juvenile glass
in any debris.
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Figure 2. Seismograms of the 5 November 1990, event from the stations Yellow Rock (YEL) and Rembrandt (REM). Locations of seismic stations
shown in Figure 3.

CORRELATION WITH PRECIPITATION: ‘
. SUMMARY OF SHALLOW, ON-LIKE VENTS AND GAS-AND-TEPHRA )
THE EVIDENCE FOR A SHALLOW TABLE 1. SUM| OF EXPLOSION-LIKE SEISMIC EVENTS GAS-AND-TEPHRA EMISSIONS

TRIGGER
Date Time of onset Approximate Number of located earthquakes Emissive
Pimats g ssi
In 1990, some workers (J. Costa, R. @ Local ™ o g of A or B quality actmity
LaHusen) at the Cascades Volcano Obser-
inci in timi - YA 2227 PDT 0527 1hr 26, 0 min4.5 hr after onset x
vatory obge{ved a comC}dence in timing beg AL o DT e - o x
tween emissions and major storms. To see if %g 1738 PDT s 3 min 0 X
AN A 1 5 0 T
this coincidence was significant, data from 129 0601 PST 2201 2 min 0 x
IDDING- - 1 1/6/90 ) 0537 PST 1337 2hr 0 T,F,B
three tipping-bucket—type rain gages near ;0 0034 PST e s 0 o
Mount St. Helens were analyzed for the pe- i/% oL psT. 101 3 min 0 x
- mn X
riod 16 August 1989 through 30 June 1991.  425m 0126 PDT 0826 3hr 1, 2 hr after onset x
: : : 4 5/8/90 0912 PDT 1612 2 min 1, 15 sec after onset x
Thes_e gages register rainfall in 0.01-in. (0:025- 0 2251 PDT o751 o 8 x
cm) increments when water fills and tips a  914% 1950 PDT 0250 3 min 1, 4 min after onset x
. 9/24/%0 1652 PDT 2352 >3 hr 8, 2-7 min after onset N
counterbalanced cylinder connected to an 10159 1224 PDT 1924 4min 1, 1 hr after onset x
: : : : : 10/25/90 0639 PST 1339 >3 hr 5, 022 min after onset b
electrical switch. Their primary advantage is  1gz¢00 0003 PST o ohr b s
1 i i 11/5/90 0207 PST 1007 1hr 2, 50 min and 2.5 hr after onset P, T.F,B
their gOOd time I'CSOIUt.IOD because data a.re 11/14/50 2341 PST 0741 4 min 1, 3 min after onset x
transmitted every 15 min. Their primary dis- 11205 1058 PST 1858 2 min 5, 0-35 min after onset x
. . .« . . . 124 2 mi
advantage is that, if precipitation is received 11z rach el Froct Fr : z
.- 12/20/50 1259 PST 2059 3hr >60, 1.4 hr-14 days after onset P,T
as snaw, they tend to record low values (be-  75/cy 1115 PST 1915 1hr included in above set N
cause snow does not flow readily into the ﬁg{ g;:g PST 0546 3 min 0 e
. . . . 1 min 0 ,T,F,B
measurmg Cy. lmder) or delayed values (lf wa- 211491 0524 PST 1324 4hr 0 TF
ter lows into the cylinder only after the snow %185 0608 PDT 1368 5 min 0 N
melts). : ’ Noxe: >, signal dies out too gradually to estimate exact duration; N, confirmed, no steam or tephra emission; T, recognized tephra

The rain gage at Spirit Lake (Fig. 1) was  deposit; P, visile plume; F, flawage deposit; B, ballistic blocks; x, crater could not be observed to verify emission of steam or tephra
. . during event, but later visits found no new tephra.
used as the standard for this anatysis and was
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Figure 3. Map of the Mount St. Helens crater (from 1988) showing the locations of vents,
seismic stations, geodetic stations, and the Rampart fault scarp. NV, north vent; EV, east vent;
A, geodetic station Ansel; Am, Amos 3; H, Hoser; Ha, Harold; L, Luther; S, Squab; T, Tiki; Tk,

Tinker. Contour elevations in meters.

checked against gages at Castle Lake (Fig. 1)
and Muddy River, 20 km southeast of the cra-
ter. Nearly all storms recorded at Muddy
River (365-m elevation) or Castle Lake (795
m) were also recorded at Spirit Lake (1,058
m) in spite of the elevation difference, sug-
gesting either that most precipitation at Spirit
Lake was rain or that the falling snow melted
quickly enough to be recorded.

The timing of storms at Spirit Lake, and of
shallow, explosion-like seismic events, is
shown in Figure 5. As suspected, all six con-
firmed emission events closely followed ma-
jor storms. Most occurred only a few hours
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after the end of precipitation. The longest de-
lay between the end of a storm and the onset
of an emission is 68 hr, prior to the 7 Decem-
ber 1989 event. The correlation between seis-
mic events that were not confirmably associ-
ated with emission of gas or tephra is less
clear. Those that occurred in May, June, Oc-
tober, and November of 1990 generally fol-
lowed storms, but those in August 1989 and
September 1990 did not.

To estimate the likelihood that the corre-
lation between precipitation and emissions is
fortuitous, I use two types of probability
tests. The first involves calculating the simple

binomial probability that a given number of

emission events fortuitously followed a given

period of precipitation. As an example, con-

sider the fact that five of six confirmed emis-

sions were preceded by at least 4 cm of pre-

cipitation during a 96-h period. What is the

probability that this would happen, assuming

that emission events occur randomly with re-

spect to storms? Within the time period from

16 August 1989 until 30 June 1991 (a total of
683 days), 100 days (y in Table 2) were pre-

ceded by 4 days with at least 4 cm of total

precipitation. Given the occurrence of an -
emission event, the probability (p) that it
would take place on one of these days is 100/
683 = .1464. The probability that five of the
six events would take place on such days is
shown in the equation:

p'(1—p)® !
o -1l
(.1464)°(.8536)" (6!)
G B

P(r;n;p) =

.0003

where r is the number of events that took
place after a 4-day period of >4 cm of pre-
cipitation, and n is the total number of events.
Table 2 gives the results of similar calcu-
lations for time periods ranging from 4 to 15
days and for precipitation ranging from 1 to
15 cm. Groups include (1) all 28 shallow, ex-
plosion-like seismic events; (2) confirmed
emissions; (3) events that confirmably did not
produce emissions; and (4) events where con-
current observations could not confirm the
presence or absence of an emission, but
where later visits found no new tephra (*‘re-
mainder of events””). For the “all events”
category and for the confirmed emissions,
probabilities are frequently less than 0.01 and
occasionally less than 0.001 that their timing
relative to storms was fortuitous. Confirmed
non-emissions give consistently high proba-
bilities, whereas for the “‘remainder of
events,’’ probabilities are frequently less than
0.05 and occasionally less than 0.01.
Binomial probability calculations are intu-
itively understandable, but they suffer the
disadvantage that one must arbitrarily choose
a value of precipitation and calculate a prob-
ability just for that chosen value. It seems
more appropriate to ask, without assigning
arbitrary thresholds, whether the overall
amount of precipitation preceding these
events differs significantly from the amount
that one would normally expect in a similar
time period. The test employed to address
such a question is known as the one-sided,
one-sample Kolmogorov test for goodness of
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Figure 4. Mount St. Helens lava dome afler the emission of 5 February 1991. Debris was apparently ejected from both the north vent (Jong
white arrow) and east vent (short white arrow). Large ballistic blocks (b) and an ash cloud depaosit (ac) originated from the north vent; floed and
debris-flow deposits (df) originated from the area around the north vent. Photo by R. B. Waitt, 5 February 1991.

fit (Conover, 1971). The Kolmogorov test is
similar to the chi squarcd test in that it in-
volves examining a sampie of some popula-
ticn of data {in this casc, precipitation pre-
ceding emissions) in order to test the
hypothesis that the distribufion of this sample
follows some specified distribution {in this
case, the normal for precipitation at this lo-
cation). Our null hypothesis in this case is
that the precipitation preceding emissions
was not significantly greater than normal. For
this study, the Kolmogorov test is more ap-
propriate than the chi squared test for two
reasons. First, the Kolmogorov test does not
assumne that the data under examination fol-
low a normal Gaussian distribution. This is
especially impornant, because the distribution
curve for precipitation over a given [me pe-
riod is not Gaussian. Second, the Kolmo-
QOTOV lest gives exact or conservative preb-
abilities even for small sample populations,
whercas the chi squared test assumes that the
sample population is large enough to provide
a good approximaticn of the test statistic.

The test is utilized as follows. First, an em-
pirical distribution curve is constructed {the
light gage solid line in Fig. ) for precipitation
in a given time period (in this case, 96 hr)
preceding confirmed cmissions, This curve
gives the fraction of ali emissions (on the v
axis) that were preceded by precipitation of a
given amount or less {on the x axis). Itis com-
pared with a similar curve representing 4-day
precipitation preceding each of the 683 davs
from 16 August 1989 to 30 June 1991 (the
heavy solid line). If the timing of cmissions
were independent of the precipitaticn that
preccded them, then the two curves should
approxiumately fellew cach other. The curve
for cissions in fact lics well below that for
normal precipitation. Tc determine the prob-
ability () that the difference in these curves
is due to random sampling, we find the largest
vertical difference benwveen the two curves
where the normal preeipifation curve is
above the curve for precipitation preceding
emissions (K-S, Fig. 6). Using this value
{.8301, known as the Kolmogcrov-Smirnov

Statistic) and the sizc of the sample popula-
tion (6 emissions), equations in Birnbaum and
Tingey (1951) give the prebability as about
1% 1075

Table 3 prescnts results of similar anatyses
for time intervals from 2 1¢ 15 days, for the
same four populatious of events considered
in the binomial probability calculalions. The
results are not very different {from those for
the more intuitive but less statisticalty appro-
priate binomial probability calculations. If
one arbitrarily considers resulls with o < 0,05
10 be significant, the confirmed emissions re-
sults are highly significant, as are the results
for the 28 events as a whole. The non-emis-
sion events show no significant deviation at
all, whercas the results for the “remainder of
events”’ category are rather ambiguous. The
dewiations for all groups are most significant
over time periods of 4 10 6 days but can still
be significant for periods as short as 2 days
(for confirmed emissions and **all events™) or
as long as 5 days (for all but nen-cmission
events). The good correlation between rain-
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Figure 5. Timing of storms at Spirit Lake and of shallow, explosion-like seismic events. Small tick marks on the horizontal axis represent the
10th and 20th of each month. The right and left side of each box represents the exact time of the first and last recorded precipitation in each storm.
Storms are distinguished from one another if they are separated by at least 24 hr with no measurable precipitation.

fall and seismicity over such long periods in-
dicates that shallow, explosion-like seismic
events not only tend to follow individual
storms, but can also be brought on by the
effect of storm sequences lasting weeks.

One could perhaps argue that the test for
emission events gives a significant result be-
cause we are comparing precipitation before
these events, which took place at the rainiest
time of the year, with the entire two-year pre-
cipitation record, both rainy season and dry
season. Table 3 also gives 4- and 6-day results
comparing the precipitation prior to emis-
sions with just the rain-gage records for the
months November through February. A sim-
ilar comparison was made using other seis-
mic events; to be consistent, however, only
those that took place between November and
February were included in the comparison.
The results do not differ very much from pre-
vious ones. ‘

The fact that most shallow, explosion-like
seismic events follow within hours to, at
most, days after storms indicates that the trig-
gering mechanism must be shallow, probably
within the dome itself. It would seem surpris-
ing that seismic data, described in the next
section, suggest a source of gas that is well
below the dome.

180

SEISMIC ACTIVITY: THE EVIDENCE
FOR A DEEP SOURCE

A deep gas source is indicated by two lines
of evidence: the locations of shallow, explo-
sion-like seismic events; and an increase in
seismicity at greater depth.

More than 61 earthquakes were located by
personnel at the Cascades Volcano Observa-
tory during shallow, explosion-like seismic
events. Most locatable earthquakes (the
small black squares in Fig. 7) were small
bursts of energy that occurred in the tails of
the seismic signals. They cluster in an area
that has been a locus of nonmagmatic earth-
quakes since 1980 (Weaver and others, 1987)
and may have been a conduit for magmatic
gas transport preceding a violent 19 March
1982 eruption (Weaver and others, 1983).
Three locations (the large, hollow squares)
record onsets to shallow, explosion-like seis-
mic events, on 24 August 1989, 25 October
1990, and 20 November 1990. These are
highly significant because they indicate the
source depth of the seismicity. Solutions
were located using 7 to 12 stations around the
mountain (Fig. 1) including 1 to 3 in the cra-
ter. They give low RMS residuals (0.05-
0.11 s), and yield depths of 1.44 km to 2.10

km with standard errors of 0.3 km or less.
Using a technique developed by Endo and
others (1990), the depth was checked inde-
pendently of the velocity model used in the
above solutions by taking the difference in
times of arrival at stations GDN and REM,
along a radial path from the conduit. For the
24 August 1989 event (the only one where
both stations were in operation), the time dif-
ference (0.12 s with an uncertainty of +0.01s
in each pick) is less than half what one would
expect for a source within the dome but is
consistent with a source depth of 1-2 km. It
is therefore very unlikely that these locations
were near the surface.

The depth of these onsets appears incon-
sistent with the inference, derived from the
association with storms, that the shallow, ex-
plosion-like seismic events are near-surface
phenomena. It is important to note that none
of the three located events followed storms,
nor did they produce confirmable evidence of
gas or tephra emission. Do the located events
represent a different type of seismicity from
those associated with storms? The facts that
the seismic signatures for both events (the lo-
cated, deep ones and the storm-related, pre-
sumably shallow ones) are indistinguishable
from one another, and that both events took

Geological Society of America Bulletin, February 1994
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TABLE 2. PROBABILITY VALUES FOR THE FORTUITOUS OCCURRENCE OF SHALLOW, EXPLOSION-LIKE

SEISMICITY FOLLOWING A GIVEN AMOUNT OF PRECIPITATION IN A GIVEN TIME PERIOD

Centimeters precipitation
4-day period 1 2 4 6 8 n
y krs) 214 100 45 20
p (=Yy/683) 0.4788 0.3133 0.1464 0.0659 0.0293
All events T 19 14 9 5 4 28
P(r;n;p) 0.0164 0.0183 0.0105 0.0254 0.0074
Emissions r 6 6 5 2 2 6
P(r;m;p) 0.0120 0.0009 0.0003 0.0496 0.0114
Non-emissions r 1 0 0 0 0 4
P{rin;p) 0.2712 0.2223 0.5309 0.7614 0.8879
Remainder of events r 12 8 4 2 1 18
P(r;m;p) 0.0540 0.0947 0.1533 0.2232 0.3180
6-day period 2 4 6 8 10 n
y 316 176 93 50 25
p (=y/683) 0.4627 0.2577 0.1362 0.0732 0.0366
All events r 20 16 10 6 4 28
P(rinip) 0.0044 0.0003 0.0021 0.0109 0.0150
Emissions T 6 6 3 2 2 6
P(5;n;p) 0.0098 0.0003 0.0325 0.0593 0.0173
Non-emissions r 3 1 0 0 0 4
P(r;n;p) 0.2129 0.4216 0.5568 0.7378 0.8614
Remainder of events T 11 9 7 4 2 18
P(r;n;p) 0.0856 0.0167 0.0055 0.0303 0.1129
10-day period 2 4 6 8 10 n
y 431 297 221 139 81
P (=y/683) 0.6310 0.4348 0.3236 0.2035 0.1186
All events r 4 19 15 11 7 28
P(r;n;p) 0.0060 0.0055 0.0104 0.0111 0.0276
Emissions r 6 6 5 4 2 6
P(r;n;p) 0.0631 0.0068 0.0144 0.0163 0.1273
Non-emissions r 3 2 1 0 0 4
P(r;n;p) 0.3709 0.3624 0.4006 0.4025 0.6035
Remainder of events r 15 11 10 7 s 18
P(r;m;p) 0.0411 0.0616 0.0241 0.0377 0.0389
15.day period 2 4 6 10 15 o
y 497 389 314 200 3
P (=y/683) 0.7266 0.5687 0.4591 0.2924 0.1111
Ali events r 24 19 18 13 9 28
P(r;m;p) 0.0537 0.0786 0.0231 0.0239 0.0019
Emissions r 6 6 6 4 2 6
P(r;n;p) 0.1472 0.0338 0.0094 0.0549 0.1156
Non-emissions r 3 2 1 0 0 4
P(r;n;p) 0.3709 0.3624 0.4006 0.4025 0.6035
Remainder of events r 15 11 11 9 7 18
P(r;n;p) 0.1385 0.1778 0.0823 0.0338 0.0018

place in 1989-1991 and not before or after,
lead one to believe that they do not. A more
likely possibility is that they all have the same
cause (that is, gas transport) but took place at
depths ranging from near the surface to at
least 1-2 km. Confirmed emissions may rep-
resent a subset at the shallow end of this
range, but confirmed non-emissions may be
disproportionately represented by deeper
members. In any case, the fact that some

originate well below the dome leads one to
conclude that the source of gas is not within
the dome or anywhere near the surface. It is
deep enough to be derived from the magmatic
conduit or from the magma chamber.

The deep seismicity at Mount St. Helens
has been studied by Moran (in press). Moran
found that background seismicity between
~2- and 9-km depth began to increase from
an average of ~2 locatable earthquakes per

month in earty 1987 to 90 per month in the
first half of 1990 (Fig. 8) but then declined to
~20 per month in the latter half of 1992. The
peak in background level coincided remark-
ably well with the early part of the period of
shallow, explosion-like seismicity. This in-
crease is unprecedented in the post-1980
earthquake record and differs from typical
precursory activity in two respects: (1) it took
place over years, rather than weeks or
months as was typical for precursors to
eruptions of the early 1980s; and (2) most
earthquakes between 1987 and 1990 were be-
low 3 km depth, whereas shallower depths
were associated with all precursory records
except a March 1982 explosion (Weaver and
others, 1983; Moran, in press).

The increase in deep seismicity since 1987
alone does not necessarily indicate that the
gas source to the emissions was deep; how-
ever, when combined with the onset loca-
tions, the story for a deep source is difficult to
dismiss. New, small, deep intrusions may
have been a source of gas, although there is
no evidence (other than the seismic increase)
of new intrusions. An alternative possibility,
for which there is more evidence, is that gas
came directly from the crystallizing conduit.

DEEP-SOURCE MECHANISMS

The crystallization of magma in the Mount
St. Helens eruptive conduit and the accom-
panying exsolution of volatile species has
been the subject of at least two previous pa-
pers (Cashman, 1988, 1992). Based on exam-
ination of dome rock samples, Cashman
(1988, 1992) estimated that crystallization of
plagioclase microphenocrysts by cooling of
magma in the eruptive conduit averaged ~0.1
vol%/month from early 1981 to 1986. The
amount of gas exsolved during crystalliza-
tion, Cashman (1988) argued, could cause ep-
isodes of second boiling regularly enough to
trigger the dome-building eruptions. By 1986,
crystals made up some 60% of the total rock
volume. The high crystallinity increased
magma viscosity greatly and was probably a .
major factor in preventing further eruptions
(Cashman, 1988).

Since the last dome-building eruption,
magma in the conduit has presumably con-
tinued to cool, but gas has not been allowed
to escape during dome-building episodes as
before, If crystallization continued at the
1981-1986 rate after dome-building eruptions
ended, the crystal content would have in-
creased by approximately another 4.5% of
the total magma volume (that is, volume of
melt plus crystals) by mid-1990. Assuming
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Figure 6. Cumulative distribu-
tion of 96-hr precipitation values
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precipitation preceding seismic
events which are neither con-
firmed emission events nor con-
firmed non-emission events
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that the magma between 2- and 7-km depth
was saturated at ~3-4.5 wt% water (~3% at
shallow depth, 4.5% at greater depth), the
crystallization of an additional 4.5 vol% pla-
gioclase would have released ~3-5 kg water
per cubic meter of melt, or4 x 107 to 3 x 10°
kg total water from a conduit of 30- to 60-m
- radius (Pallister and others, 1992).

Would this amount of gas have been suf-
ficient to drive the emissions? Some simple
energetics calculations suggest that it may
have. The internal energy (above that of lig-
uid water at 1 atm, 100 °C) of this water va-
por, released from the conduit at magmatic
temperature (870-930 °C; Rutherford and
others, 1985; Cashman, 1992) and subsurface
pressures (~50-175 MPa), would have been
approximately 1 x 10** to 1 x 10%° joules
(Haar and others, 1984). Even at tempera-
tures and pressures appropriate to the inte-
rior or the dome (4-5 MPa, ~300-600 °C),
the available energy would have been essen-
tially the same: 1 X 10 to 1 x 10 joules.

The energy required to produce the emis-
sions can be made only approximately, but
data are available to make an order of mag-
nitude estimate for one of the more powerful
ones. The average ejection velocity (v =
40-80 mys) from the 5 November 1990 event,
taken from ballistic studies mentioned above,
combined with estimates of the erupted mass
(m) calculated from the volume of the crater
(1.2-2.4 x 10° m®) and an assumed in situ
rock density of ~2,000 kg/m®, suggest a ki-
netic energy of erupted debris (= 0.5m v?) on
the order 2 x 10° to 1.5 x 10 joules. Based
on ratios of kinetic to total energy of steam
eruptions elsewhere (White, 1955; Le Guemn
and others, 1980), the total energy of this
event may have been two to three orders of
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(long-dashed line); and for pre-
cipitation preceding all shallow,
explosion-like seismic events
(dotted line).

magnitude greater, perhaps 10*2-10™ joules.
This is one to three orders of magnitude less
than the energy available in the exsolved gas.
The total energy release for all emissions may
have ranged from about the same order of
magnitude as the energy contained in the ex-
solved gas, to a few orders of magnitude less.

SPECULATIONS ON A SHALLOW
TRIGGER

Given the current level of knowledge, it is
impossible to confidently identify a causal
mechanism for the association between emis-
sions and precipitation. The fact that gas was
released during explosive episodes rather
than continuously suggests that it was con-
tained beneath a shallow, impermeable cap,
probably within the dome, that breached dur-
ing storms. What was that cap and how was
it breached? A bit of background on the local
geology may shed some light on this question.

The dome’s north flank consists of three
rubbly exogenous lobes, below which lies a

thick section of lava emplaced endogenousty
during at least three periods of dome growth
(Fig. 9). At the base of the dome, there are
rubbly zones that may have either dissipated
or stored gas. Magnetic field strength meas-
urements indicate that the dome’s interior,
including probably the inner dome below the
North and East vents, is well above the mag-
netization temperature (~375-600 °C) and
could still deform viscously. Above the vis-
cous interior, the entire dome has been frac-
turing and disintegrating as it cools. Massive
rock outcrops and spires many meters high
on the dome’s surface have crumbled since
1986 to piles of rubble. Aprons of debris of
have grown as unstable talus rolls and ava-
lanches to the dome’s base. The North Vent
itself formed within a previously unrecog-
nized, arcuate pull-apart feature that resem-
bled the head scarp of a landslide (D. Dzur-
isin, 1993, oral commun.), and a geodetic
station (Luther, Fig. 10) subsequently placed
below the North Vent showed greater
downslope movement than nearby stations
before it was destroyed in the next explosion.
The final three emissions from the North
Vent were accompanied by an unprece-
dented removal of 8 X 10° m> of debris from
the dome’s north flank (Fig. 9), mostly by av-
alanches and rockslides. This is at least an
order of magnitude more debris than had
been removed from any part of the dome
since 1986.

Magnetic field strength measurements
(Dzurisin and others, 1990) also show that the
solidified carapace around the viscous inte-
rior has thickened at an average rate of
0.03 = .01 m/day since the end of dome
growth. In accord with observations of
Kilauea Iki lava lake in Hawaii (Hardee,
1980), Dzurisin and others (1990) inferred that
thickening of the carapace is accompanied by
downward propagation of cooling fractures.
Both Hardee (1980) and Dzurisin (1990)

TABLE 3. PROBABILITIES THAT PRECIPITATION VALUES RECORDED IN THE DAYS PRECEDING SEISMIC AND
EMISSION EVENTS WAS FORTUITOUSLY GREATER THAN NORMAL

Compared with total Compared with record from

) precipitation record, 8/16/89-6/15/91 November through February
Probability n* 2-day 4day 6-day 10-day 15-day n* 4-day 6-day
All events 28 0.031 0.029 1.1E03 0.011 0.025 13 0.0179 3.5E03
Confirmed emissions 6 0.011 1.2E05 24E-04 2.2E-03 4.4E-03 6 1.9E-04 2.5E-03
Non-emission events 4 0.191 0.994 0.257 0.609 0.800 1 0.8723 0.391
Remainder of events 18 0.102 0.170 0.069 0.078 0.037 6 0.1718 0.03%4
K-S statistic
All events 28 0.2421 0.2446 0.3392 0.2768 0.2505 13 0.3774 0.447
Confirmed emissions 6 0.5730 0.8477 0.7540 0.6603 0.6237 6 0.7617 0.654
Non-emission events 4 0.4181 0.0066 0.3781 0.2171 0.1365 1 0.1277 0.6009
Remainder of events 18 0.2424 0.2129 0.2628 0.2568 0.2996 6 0.3574 0.4864

*n = population size.
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Figure 7. Location of earthquakes that occurred during shallow, explosion-like seismic events and that meet U.S. Geological Survey, Cascades
Volcano Observatory requirements for “A” or ‘B*” quality. Large hollow squares represent onsets of shallow, explosion-like seismic events. Small
black squares are earthquakes that occurred after event onsets. Standard errors in horizontal and vertical locations are 0.1-0.6 km and 0.1-
0.3 ki, respectively. Only earthquakes that took place less than 24 hr after the 20 December 1990 event are plotted to prevent those events from
dominating the pattern.
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Figure 8. Time versus depth plot of all earthquakes below Mount St. Helens located by the University of Washington, that meet the University
of Washington’s quality “BB”’ standard and occurred between 1980 and July 1992, Solid arrows indicate the onset time of confirmed eruptions.
Dashed arrows between 1989 and 1991 correspond to six confirmed steam explosions. Note that 0 km corresponds to mean station elevation,
~1 kin below the crater floor (in contrast to locations plotted in Fig. 7). Figure taken from Moran (in press).
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Figure 9. Schematic north-south cross section through the Mount St. Helens lava dome illus-
trating the mechanisms suggested for explosive release of magmatic gas following storms. Internal
structures in the central and southern portions of the dome are not included in this figure.
Location of exogenous lava lobes on the north side of the lava dome are taken from air photos
and from maps in Swanson and others (1987). Thickness of exogenous lobes is taken from
photogrammetric measurements and from field observations. Thickness of convectively cooled
upper carapace on the north side of the dome is estimated by integrating Dzurisin and others®
(1990) calculated average rate of thickening of the dome’s magnetic carapace (0.03 + 0.01 m/d)
from late 1984 (the time of last lava extrusion on the north side) until 1990. Profiles were done
using photogrammetry from air photos taken in September 1990 and September 1991.

found that atmospheric precipitation is dom-
inant in determining the rate of cooling of
these lava bodies. At Kilauea Iki, the heating
to 100 °C and vaporization of all water that
fell on the lava lake accounts for about two-
thirds of the cooling rate. At Mount St.
Helens, it accounts for one-third to one-half.
The rate of cooling at Mount St. Helens has
been found to be several tens of percent
higher during wet seasons than during dry
seasons and, most importantly, exhibits
jumps during individual storms (D. Dzurisin,
1992, oral commun.).

One could imagine that accelerated frac-
ture growth and disaggregation of the dome
during storms may have opened passage-
ways between gas-charged regions and the
surface. In the North Vent area, slope insta-
bility caused by the added weight of water,
increases in pore pressure, rapid expansion
of steam, or reduction of strength by thermal
fracturing could also have exposed regions of
pressurized gas. In the East Vent area, no
significant amount of mass wasting took
place during the explosions, although dome
disintegration and fracturing were clearly ev-
ident from air photos of this area and pre-
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sumably were also taking place in the
subsurface.

In the dome’s interior, propagation of cool-
ing fractures through the viscous center of the
dome during storms could conceivably have
released gas from the base of the dome to the
surface. Calculations of average fracture
growth rate suggest that the cooling fractures
probably extended to somewhere near the
center of the endogenous lobe below the
North Vent by late 1989 (Fig. 9) and could
have connected with fractures growing up
from the base of the dome. If the fracture
growth rate during storms was several times
the average rate, cooling fractures would
have propagated only a few centimeters to
several tens of centimeters over the duration
of a storm, and perhaps to meters over the
course of several storms. If this growth oc-
curred in an area that was loaded by topo-
graphic stresses or pressure from underlying
gases, however, the potential growth of frac-
tures would have been unlimited. Stable or
subcritical crack growth could have given
way to unstable crack growth that propa-
gated completely through the dome. Ductile
flow could have annealed the fractures be-

tween emission events, although progressive
cooling would ultimately have terminated the
annealing process.

At least one other lava dome, at Merapi
Volecano, Indonesia, produces large flank fail-
ures during storms, apparently also by frac-
ture and disaggregation. This dome first ap-
peared in January 1992 and extruded onto the
volcano’s steeply sloping (30°-40°) flank
during the first half of that year (Smithso-
nian Institution, 1992). Since January
1992, more than 45 pyroclastic flows have
been triggered by dome-collapse events
(as of April 1993); more than 90% of these
have taken place on days of rainfall. Mem-
bers of the Merapi Volcano Observatory
(S. Bronto, 1993, written commun.) noted
that, during rainstorms, blocks on the
dome’s flank are dislodged by pressure
from expanding steam, and the dome even-
tually detaches along a surface that prop-
agates all the way through the dome’s mas-
sive interior.

The more moderate slope beneath the
Mount St. Helens dome and its cooler tem-
perature mean that fracture growth and dis-
aggregation are probably less extensive at
Mount St. Helens during each storm than at
Merapi. Unlike Merapi, the primary force
driving fracture growth at Mount St. Helens
was probably internal gas pressure. As gas
pressures increased in the dome, the internal
seal between regions of high pressure and low
pressure were subjected to greater stress un-
til small perturbations, caused by water infil-
tration, triggered complete failure. These ex-
plosions probably would have taken place
with or without precipitation, although the
storms apparently forced the explosions to
occur slightly sooner than they would other-
wise have.

CLOSING REMARKS

The emissions and shallow, explosion-like
seismicity have discontinued for the present,
although magma in the conduit is presumably
continuing to crystallize. One can imagine
two possible explanations for the discontin-
uation: (1) gas pressures that built up during
1986-1989 subsided during 1989-1991 and
are now building up again, in which case we
might expect renewed emissions and seismic-
ity in the near future. Alternatively, (2) path-
ways have been opened that allow continu-
ous slow escape of magmatic gas, in which
case renewed emissions would be unlikely.
These alternatives can be tested by future
observations.
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Figure 10. Changes in slope distance versus time, measured from points north of the dome to
geodetic stations on the north side of the dome. Locations of geodetic stations are shown in Figure
3. Before 5 November 1990, stations were surveyed from the point Tinker, near the north base
of the dome. After 5 November 1990, they were surveyed from a station (Swani) ~1.8 km north

of the dome.
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