tor from crustal abundances rather than
the composition of ash, many elements
are depleted, as the volcanic material is
of dacitic composition (12, 13).

There are some significant changes
with altitude in the plume. For example,
the Si enrichment, which is constant for
most samples, does show an increase in
the higher reaches of the plume. A group
of elements (Ca, Sc, Ti, Fe, Zn, and Th)
shows a similar pattern of enrichment at
higher altitudes. Although the enrich-
ments are not large, they are significant
for these elements that are not usually
fractionated by volcanic processes.
These enrichments may occur because
the source of the higher altitude clouds is
in part the hotter magmatic debris rather
than simply that from the physical break-
up of the material from the mountaintop.
The volatile elements As, Se, and Sb
show little or no enrichment, indicating
either that portions of them were in the
vapor phase and thus missed by particle
collection, or that they were not fraction-
ated significantly. Due to the temper-
atures in the stratosphere and the large
quantities of ash present, it is doubtful
that very much of the Se, As, and Sb
would be in the vapor phase. On the oth-
er hand, there may have been some frac-
tionation that was not observed because
of the presence of the huge amounts of
unfractionated ash that was released. We
cannot explain the huge enrichment of
Cd at high altitudes. Since the PGAA
and INAA results are in good agreement,
the analyses appear to be valid. There
might have been Cd contamination on
the filters, although no materials of high
Cd concentration were used in the col-
lection system. The source of con-
tamination is under investigation.

The general composition of the plume
material is similar to that of the ash that
fell to the ground in western Washington.
Only minor enrichments of volatile ele-
ments are indicated; Cd, Sb, S, and Zn
were the most enriched. The plume was
fractionated vertically, as judged by the
slight increases of EF,y, for some ele-
ments at higher altitudes. The fraction of
water-soluble chlorine increased greatly
with altitude, but the total chlorine con-
centration on particles was not much
greater than for ash that fell to the
ground. On the basis of "Be/SO,>~ ratios,
most of the sulfur observed resulted from
the volcanic eruption.
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Characterization of Aerosols from Eruptions of Mount St. Helens

Abstract. Measurements of mass concentration and size distribution of aerosols
from eruptions of Mount St. Helens as well as morphological and elemental analyses
were obtained between 7 April and 7 August 1980. In situ measurements were made
in early phreatic and later, minor phreatomagmatic eruption clouds near the vent of
the volcano and in plumes injected into the stratosphere from the major eruptions of
18 and 25 May. The phreatic aerosol was characterized by an essentially monomodal
size distribution dominated by silicate particles larger than 10 micrometers in diame-
ter. The phreatomagmatic eruption cloud was multimodal; the large size mode con-
sisted of silicate particles and the small size modes were made up of mixtures of
sulfuric acid and silicate particles. The stratospheric aerosol from the main eruption
exhibited a characteristic narrow single mode with particles less than 1 micrometer
in diameter and nearly all of the mass made up of sulfuric acid droplets.

The quartz crystal microbalance cas-
cade impactor (/) classifies aerosol parti-
cles by size from inertial impaction.
Each of the ten impactor stages contains
a piezoelectric crystal microbalance
which senses the mass of particles on im-
pact. This enables the device to weigh
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Fig. 1. Total mass loading as a function of
time, position, and altitude measured by a U-2
aircraft in the eruption plume of Mount St.
Helens on 27 May 1980; GMT, Greenwich
Mean Time.
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the particles in each size interval, in real
time, as sampling proceeds.. Size-frac-
tionated aerosol samples from eruptions
of Mount St. Helens were collected by
several aircraft, and the samples were
analyzed by scanning electron micros-
copy and energy dispersive x-ray tech-
niques with an electron microprobe 2).

For sampling the plume in the strato-
sphere, the quartz crystal microbalance
instrument is housed inside a NASA U-2
research aircraft. An externally mounted
isokinetic sampling probe, designed for
the U-2 airspeed, brings ambient air into
the instrument through a control valve
that is operated from the cockpit. A vac-
uum pump draws the sample through ten
impaction stages. The geometric mean
particle diameter for stage one is greater
than 22 um, and the diameters for stages
two through ten are 14.8, 6.9, 3.2, 1.3,
0.54, 0.23, 0.11, 0.065, and 0.043 pm.
Measurements in the plume near the vol-
cano were made with the instrument
mounted on a twin-engine QueenAire
operated by the National Center for At-
mospheric Research in April and on a
small Navaho aircraft from the U.S.
Geological Survey in August. An isoki-
netic sampling probe was used on the
QueenAire, but a straight-through non-
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isokinetic probe was used on the Nava-
ho. Because of the lower altitude (higher
ambient pressure), the geometric mean
particle diameters are higher than the
values above and are as follows: greater
than 30 um for stage one and 15.3, 7.6,
3.8, 1.8, 0.92, 0.47, 0.26, 0.17, and 0.12
wm for stages two through ten, respec-
tively.

Direct measurements in the plume just
above the crater of Mount St. Helens
were obtained on 7 April during the early
phreatic phase of the eruptions and on 6
August during the minor phreatomag-
matic phase after the major eruptions of
May and June and just before the moder-
ate eruption of 7 August. Measurements
of material injected into the stratosphere
by the volcano were made on 22 May, 4
days after the major eruption of 18 May,
and on 27 May, 2 days after the second
major eruption of 25 May. On 17 June
the sampling flight was made through
aged clouds, probably from the May
eruptions.

A representative plot of total aerosol
mass concentration against flight time is
shown for the 27 May flight in Fig. 1. The
location of maximum concentration,
which was 30 times above the back-
ground concentration, was about 1000
km northwest of Mount St. Helens at an
altitude of about 16.5 km. The plot sug-
gests that the plume was fairly well con-
fined in both vertical and horizontal ex-
tents, with an altitude band from about
16 to 18 km, and a horizontal spread of
about 400 km. Similar data were ob-
tained for the other stratospheric flights
and close-in traverses near the moun-
tain. From the aerosol data near the
maximum concentration, details of the
size distribution were extracted.

The aerosol from the phreatic eruption
of 7 April was essentially monomodal;
over 90 percent of the mass was larger
than 10 um in diameter, and less than 3
percent was less than 1 um (Fig. 2A).
The total mass concentration was high
because the sampling aircraft flew into
the eruption cloud directly over the cra-
ter. The material consisted mainly of sili-
cates. By comparison, the size distribu-
tion of the aerosol from the premonitory
(essentially continuous) emissions from
the crater on 6 August, about 27 hours
before a relatively strong eruption on 7
August, was trimodal, with a prominent
mode centered at about 5 um and a dis-
tinctive submicron mode at about 0.3
pm. This pattern was closely matched on
7 August about 1 hour before the erup-
tion (Fig. 2A), although the relative mag-
nitude of the submicron mode was sub-
merged by the much higher absolute
magnitudes of the two larger modes. Be-
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cause of the low speed of the aircraft
used on 6 and 7 August, and the non-
isokinetic inlet probe, the large particles
(> 10 um) may have been preferentially
sampled. Thus, the curves for 6 and 7
August (Fig. 2A) may overrepresent
these large particles. The total mass con-
centration measured on 6 August (40 ug/
m?) was lower because of low level emis-
sions and the distance from the volcano
at which the sample was taken (5 km).
On 7 August the intensity of emission
was stronger and the sampling was made
less than 1 km leeward of the crater. The
material in the impactor stages corre-
sponding to the two small modes from
the 6 and 7 August samples consisted of
silicates heavily mantled in sulfuric acid
similar to that found in the close-in
plume from Santiaguito, Guatemala, as
reported by Rose et al. (3). This is signif-
icantly different from the material found
in the phreatic eruption plume of 7 April,
which consisted of larger, dry sulfur-free
particles. Particles in the large size mode
showed little or no acid mantling.

The size distributions for the 27 May
sample measured between 16 and 18 km,
2 days after the 25 May eruption, and the
22 May sample measured at about 20 km,
4 days after the 18 May eruption, are
shown in Fig. 2B. These are seen to be
monomodal, with the sample from 27

0.6 et

May showing a narrower band centered
at a smaller size than was exhibited by
the 22 May sample. The difference may
suggest growth of the particles with time.
The material in the size interval corre-
sponding to the modes in both cases
were determined to be all sulfuric acid.
In both samples a small amount of mate-
rial, constituting less than 10 percent of
the total aerosol mass and > 1 um in di-
ameter, was found to consist of silicates
mantled in sulfuric acid. There appeared
to be strong size fractionation of the
aerosol in the vertical direction. We
found almost all sulfuric acid droplets
smaller than 1 um at 20 km on 22 May.
However, Sedlacek ¢), sampling at a
lower altitude (about 17 km) on 21 May,
found mainly silicate particles larger
than 2 um.

The appearance of sulfuric acid in the
stratosphere within a few days of the
eruptions and the sulfuric acid-mantles
over silicate particles sampled. near the
volcano suggest that sulfuric acid is
formed by short-term processes in the
eruption in addition to the atmospheric
processes with long-time constants pos-
tulated by Cadle (5) and Davis ).

The size distribution of an aged erup-
tion plume was sampled on 17 June (Fig.
2C). While there had been an eruption on
13 June, the sampling paths. on 17 June
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were designed to avoid the plume from
that eruption. For comparison, the size
distribution of the stratospheric back-
ground aerosol sampled near Fairbanks,
Alaska, in July 1979 is also shown in Fig.
2C. The total concentrations (C) of these
two samples are similar, and they both
appear to be trimodal. Because the esti-
mated uncertainty in AC/C is approxi-
mately 0.06, it is not clear whether the
peak between 0.1 and 1.Q um indicates a
mode or just scatter. However, judging
from the relative amounts of material in
the samples observed visually as well as
by the electron microscope, a peak is in-
dicated. The distinguishing feature is in
the composition of the material in the
size bands from 0.1 to 0.6 um. Whereas
the July 1979 background aerosol in this
size range consisted mostly of carbo-
naceous material and relatively few sul-
furic acid droplets, the material in the
same size range from 17 June consisted
of almost all sulfuric acid in abundant
quantities. Comparison of Fig. 2C with
Fig. 2B shows that the middle mode of
the 17 June sample, centered at 0.22 um,
falls in the same size range as the two
single modes from the 22 and 27 May
samples. In addition, the abundance of
sulfuric acid in the middle mode of the 17
June sample corresponds to the sulfuric
acid in the 22 and 27 May samples. These
similarities between the fresh plumes,

sampled on 22 and 27 May, and the mid-
dle mode of the aged plume, sampled on
17 June, suggest that the middle mode
contains the volcanic materials while
the other modes are mainly background.
Thus this middle mode might distinguish
aged volcanic plumes from background.
Analyses are continuing, particularly
to correlate our results with those of
Sedlacek @) on lower altitude particles,
Gandrud and Lazrus (7) on total sulfate,
and Inn, Vedder, and Condon (8) on gas-
eous SO,.
R. L. CHUAN
Brunswick Corporation,
Costa Mesa, California 92692
D. C. Woops
M. P. McCorMick
NASA Langley Research Center,
Hampton, Virginia 23665
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Size Distributions and Mineralogy of Ash Particles in the

Stratosphere from Eruptions of Mount St. Helens

Abstract. Samples from the stratosphere obtained by U-2 aircraft after the first
three major eruptions of Mount St. Helens contained large globules of liquid acid
and ash. Because of their large size, these globules had disappeared from the lower
stratosphere by late June 1980, leaving behind only smaller acid droplets. Particle-
size distributions and mineralogy of the stratospheric ash grains demonstrate in-

homogeneity in the eruption clouds.

Until Mount St. Helens erupted, there
was little opportunity to study the nature
of ash particles injected into the strato-
sphere by major volcanic explosions.
Mossop (/) detected some large ash ma-
terial associated with acid drops pro-
duced in the stratosphere by the eruption
of Mount Agung, Bali, in 1963. Farlow et
al. (2) also detected silicate particles
from Mount Agung in samples from Aus-
tralia (3). The eruption in 1974 of Volcan
de Fuego, Guatemala, on the other hand,
introduced few ash grains into the strato-
sphere (4). Mount St. Helens sent large
intrusions of ash and liquid acid into the
upper atmosphere.

We used an airborne particle sampler
(5) carried beneath the wing of a NASA

U-2 aircraft to collect samples of volcan-
ic ash and acid droplets in the strato-
sphere from the first three major erup-
tions of Mount St. Helens. Particles
struck fine wires of palladium and gold
that extended from the instrument into
the airstream. One of the gold wires,
coated with high viscosity silicone oil,
captured dry ash grains that might not
stick to the bare wires.

Ash grains obtained 1 day after the
eruption of 18 May 1980, were complete-
ly dry, whereas all ash collected later
was covered with acid. The presence of
this acid on most flights enabled the effi-
cient capture of ash grains on the bare
wires; the silicone oil trapped dry ash on
the initial flight. If solid particles had
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bounced off the bare wires, this would
have been detected by scars and dents
left in the soft palladium (5). No such ar-
tifacts were seen except from the dry ash
collections of 19 May.

These dry ash samples obtained over
Montana at 14 and 17 km are composed
of angular grains ranging in size from
around 0.1 um to as large as 30 um, with
median size around 0.3 um (equivalent
sphere diameters). A relative size distri-
bution for the 14-km specimen is shown
in Fig. la. Because of the difficulty of
completely removing the grains from the
viscous silicone oil in which they were
imbedded, the volume of air we sampled
could not be accurately determined.
Therefore, the relative size distribution
we obtained was normalized to a sample
collected on 22 May so it could be com-
pared to a distribution of known concen-
tration. In this comparison the general
shapes of the curves and the particle size
modes are similar. Mineral compositions
of these dry particles are somewhat like
those of samples we collected later in
that glass and plagioclase are major com-
ponents; but the samples are otherwise
quite different. Table 1 presents the min-
eralogical features of all the collections.
Mineralogy is derived from elemental
analyses of individual ash grains by non-
dispersive x-ray methods in the scanning
electron microscope. Mineralogical re-
sults from the 17-km sample collected
over Montana on 19 May are also in
Table 1, but no size distribution was ob-
tained.

Although the first samples of ash were
very dry, flow marks in dust on the air-
craft wings suggested that there were
zones within the cloud containing large
amounts of liquid, presumably acid, as-
sociated with the ash. The second flight
to Montana on 22 May, 4 days after the
initial eruption, provided an ash sample
flooded with acid. Collecting wires were
completely coated on the flight-facing
side with coalesced acid drops encasing
ash grains. Because the acid had con-
verted to (NH),SO, in the laboratory en-
vironment (6), the ash grains could not
be resolved in the scanning electron mi-
croscope until the sulfate crystals were
removed. We did this by heating the col-
lecting surface in an oven at 250°C for
1/2 to 2 hours. Subsequent visual exami-
nation and x-ray analyses for sulfur
showed that volatile sulfates had been
removed, leaving the ash grains intact
and easily measured. We used this tech-
nique for all later samples where the
presence of sulfates interfered with the
ash grain analyses. Figure 1b presents
the ash particle size distribution for this
collection. Maximum sizes in this sample
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