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 1.0 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

References

1. R. L. Chuan, Fine Particles, Aerosol Generation,
Measurement, Sampling, and Analysis, B. Y. H.
Liu, Ed. (Academic Press, New York, 1975), p.
763,

and D. C. Woods, in Proceedings of the
Fourth Joint Conference on Sensing of Environ-
mental Pollutants (American Chemical Society,
Washington, D.C., 1978), pp. 610-613.

3. I. W. Rose et al., Am. J. Sci. 280, 671 (1980).
4, W. A, Sedldcek, personal communication,

5. R. D. Cadle, J. Geophys. Res. 85, 4495 (1980).
g. D. D. Davis, Can. J. Chem. 52, 1405 (1974).
8

. B. W. Gandrud and A. L. Lazrus, Science 211,
826 (1981).

. E.C. Y. Inn,J. F. Vedder, E. P. Condon, ibid.,
p. 821. '

18 September 1980; revised 24 December 1980

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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Table 1. Characteristics of Mount St. Helens ash from the stratosphere; N.F., not found; Q.P., questionably present.

Erup- Days

Mineralogy (percent by volume)

Date tion after Alti-
collected tude ;
sam- erup- - Plagi- Horn- Py-
(1980) pled tion (km) Glass oclase blende roxene Other
19 May 1 1 14 65 32 2.3 0.1 Sulfides, biotite, chromite
19 May* 1 1 17 37 16 21 13 Si0,t
22 May 1 4 18 60 13 5.0 22 N.F.
27 May 2 2 17 80 20 N.F. N.F N.F.
29 May 2 4 12 64 18 4.6 N.F Si0,,t sulfides, ilmenite
3 June 1 16 12 100 Q.P. Q.P. N.F. N.F.
13 June 3 1 12 83 10 2 5 N.F.

*Not included in size distribution data, Fig. 1.

did not exceed about 3 um in equivalent
sphere diameter.

We calculated log-normal functions
that best fit the truncated size-frequency
distributions and drew them as solid
curves on the data sets in Fig. 1. The
general log-normal equation is

dN/dr

—~ =
" N 1 —(Inr—1Inr_?
\N2ra_ V¥ 20,2

where N is total number of particles, V is
sample volume in cm?, r is particle radi-
us, r_, is median particle size, and o_, is
related to the standard deviation of the
size-frequency distribution. Parameter
values for this equation are shown on
Fig. 1. Again, nondispersive x-ray analy-
ses provided elemental compositions
from which mineralogy was derived for
the 22 May sample (Table 1). In this
group of particles, as in all other groups
we analyzed, there were no significant
variations of composition with particle
size.

The stratospheric portion of the 18
May eruption cloud drifted eastward,
circling the earth in about 16 days (7).
We detected its arrival over California
on 3 June, when our collector, flown at
12 km, was again flooded with acid drops
and ash grains. These grains were less
than 3 wm in diameter. No ash grains
were found above the 12-km layer. Fig-
ure lc shows the particle size distribu-
tions and the log-normal parameter val-
ues and Table 1 shows the mineralogy.

The second major eruption of Mount
St. Helens occurred on 25 May 1980. We
obtained two samples of ash flooded with
acid 2 days and 4 days after the eruption
(Table 1). The first collection was ob-
tained off the British Columbia coast and
the second over California. The size dis-
tributions are shown in Fig. 1, d and e,
and Table 1, 27 May and 29 May. Again
the ash grain sizes were less than 3 um in
diameter. Comparison of Fig. 1d with
Fig. 1b suggests that the size distribu-
tions at high altitudes for the first two
eruptions are similar, as are the low alti-
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tude ones (Fig. 1, ¢ and e), but high alti-
tude distributions do not compare favor-
ably with low altitude ones; nor, for that
matter, do any of the mineral groups
compare well with each other.

We collected a sample from the third
explosion on 13 June off the coast of
Washington, the day after the volcano’s
eruption. This time our collecting sur-
faces were not flooded, although a dense
collection of very large acid drops was
obtained. Ash grains (< 3 um in diame-
ter) were scattered about the surfaces
and stuck to the bare wires by a coating
of acid around the individual grains. The
size distribution (Fig. 1f) is somewhat
similar (mode radius near 0.6 um) to the
other low altitude samples (Fig. 1, ¢ and
e).

An examination of the size distribu-
tions in Fig. 1 reveals that high altitude
specimens generally have particle size
modes around 0.3 um in radius, and

19 MAY 1980, 14 km
1ST ERUPTION + 1 DAY

-
o

22 MAY 1980, 18 km
1ST ERUPTION + 4 DAYS

lower altitude samples have modes at
about 0.6 um. Even though the distribu-
tions coincide at the large particle end,
there is a marked decrease in the small
particle component at lower altitudes.
However, the sizes of the ash grains do
not represent the maximum sizes of the
acid-ash globules. In all but the initial 19
May collection, a considerable quantity
of acid encased the ash grains.

The log-normal curves fit the experi-
mental data closely at higher altitudes
(Fig. 1, b and d} and at one of the lower
altitudes (Fig. 1f). They are well within
the 95 percent confidence interval we de-
termined for each size group and are
confirmed by the chi-square test of fit.
Such a good fit for volcanic ash is per-
haps not surprising since, according to
the theory of breakage (8), mechanical
grinding, which occurs in the explosive
breakup of volcanic material, produces a
distribution of particles that closely fits a

3 JUNE 1980, 12 km
1ST ERUPTION + 16 DAYS

z 10 Q) w o?E 10r

5] [ E

; |3 : :

o« o} Q g z

£ 10} & 510 310

w h z 2

g \b <] 2

2 LB g

2T S z

2 y o § :

- O‘ 2 2

AR | 3 8

© g1 @ ! L e © 01 ) °.n )

.01 A 1.0 10 01 A 1.0 10 .01 A 1.0 10
PARTICLE RADIUS, r, um PARTICLE RADIUS, r, um PARTICLE RADIUS, r
27 MAY 1980, 17 km 29 MAY 1980, 12 km 13 JUNE 1980, 12 km
2ND ERUPTION + 2 DAYS 2ND ERUPTION + 4 DAYS 3RD ERUPTION + 1 DAY
10 10 10 N

A i - = 0784 ? = 1344

§ § § VEFa_V

g 3 g o_q = 0.422

s T 1.0 T1.0

= = = rq = 0777

& & 5

= =

g g 3

@ © @

= = .1 -~ .1

-4 - -4

w w W

[ [¥] (=1

g g g

Q. 1 9.m J Q.01 i L 1

.01 A
PARTICLE RADIUS, r, um

1.0 10 .01 A

PARTICLE RADIUS, r, um

1.0 10 .01 A 1.0 10

PARTIGLE RADIUS, r, um

Fig. 1. Ash grain particle size distributions in the stratosphere for three Mount St. Hel-
ens eruptions. Solid curves are best fitting log-normal functions from the stated parameter
values. Error bars are 95 percent confidence intervals for the population as inferred from
the samples.
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log-normal function. If this premise is ac-
cepted, then the two high altitude sam-
ples (22 and 27 May, Fig. 1, b and d) and
one of the low altitude collections (13
June, Fig. 1f) might be considered most
representative of the injected ash for
their respective eruptions and altitudes.
The other two low altitude samples (29
May, Fig. le, and 3 June, Fig. 1c) do not
closely fit log-normal functions and may
have been perturbed by external events
such as size fractionation from fallout or
meteorological effects.

The mineralogy of samples of the
stratospheric ash from different parts of
the cloud produced by a given eruption
are not similar, nor are data from dif-
ferent eruptions comparable. This is
probably due to the inhomogeneity of the
overlying soil and rocks on Mount St.
Helens. We have briefly looked at some
ash samples collected at ground level
from the first eruption. A coarse sample
from Yakima, Washington, had about
equal amounts of plagioclase and glass;
less than 15 percent by volume of other
phases was present. Very fine-grained
ash from Pullman, Washington, was
about 90 percent glass, and the rest was
mostly plagioclase. Thus even the fine-
grained ground sample is unlike the sam-
ples from the stratosphere after the first
eruption. This further reflects the in-
homogeneity of the ash produced.

Additional evidence for inhomogenei-
ty of the ash cloud is found by comparing
the two 19 May samples (Table 1). These
were taken over the same location at
nearly the same time but at different alti-
tudes, and they are notably different
mineralogically.

Because the sample from 3 June, col-
lected 16 days after the first eruption, is
nearly all glass, it might be assumed that
mineral fragments have somehow been
sorted out. But it is not likely that the
later sample represents the same ash that
was collected on 19 or 22 May. Conceiv-
ably a sample collected on 3 June from
another altitude or locality might contain
more fine-grained minerals.

Maximum stratospheric perturbations
from the eruptions of Mount Agung
(1963) and Volcan de Fuego (1974) were
observed in mid-northern latitudes about
3 months after the eruptions ), al-
though initial effects were seen much
sooner. This time lapse occurred partly
because of the slow conversion of inject-
ed sulfur gases to sulfuric acid drops.
Stratospheric aerosol models (9) were
designed principally to show the long-
term effects of this slow gas conversion.
The injection of large globules of ash and
liquid by the Mount St. Helens eruptions

may cause different effects. Because the
acid-coated ash particles were large,
they have fallen quickly from the strato-
sphere, leaving behind only smaller acid
droplets and whatever sulfur gases had
not reacted. Consequently, it remains to
be seen whether the buildup of acid aero-
sols a few months hence will occur as
dramatically as it did after the volcanic
explosions in the earlier decades.
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Absorption of Visible Radiation by Aerosols in the

Volcanic Plume of Mount St. Helens

Abstract. Samples of particles from Mount St. Helens were collected in both the
stratosphere and troposphere for measurement of the light absorption coefficient.
Results indicate that the stratospheric dust had a small but finite absorption coeffi-
cient ranging up to 2 X 1077 per meter at a wavelength of 0.55 micrometer, which is
estimated to yield an albedo for single scatter of 0.98 or greater. Tropospheric results
showed similar high values of an albedo for single scatter.

Increased burdens of atmospheric
aerosols can lead to either a cooling or
warming of the earth, depending on the
optical properties of the particles (/-3).
Several theories of climatic variability
have suggested that volcanic emissions
may have contributed to a cooling of the
earth in the past ¢). The eruptions of
Mount St. Helens during the spring of
1980 provided an opportunity to deter-
mine if these volcanic emissions might
contribute to a warming of the strato-
sphere as suggested by Newell (§), and
to what extent absorption of solar radia-
tion might reduce insolation at the
ground.

Plume aerosol samples were collected
in the troposphere by the University of
Washington’s B-23 aircraft (6), and in the
stratosphere by the NASA U-2 aircraft
(7). In the troposphere, the plume was
too dense for the B-23 to remain in it
safely for very long, so a grab-sampling
procedure was used. As the aircraft flew
through the fringe of the plume a 600-
liter Mylar bag was filled by ram air pres-
sure, and aerosol samples were taken
from the bag. When the bag was nearly
exhausted, another pass through the
plume was made to refill it. For the ab-
sorption measurement, the aerosol from
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the bag was passed through a cyclone to
remove large particles (50 percent re-
moval efficiency for particles 0.7 um in
diameter), which made the measurement
sensitive only to those particles which
are not rapidly removed from the atmo-
sphere by sedimentation. After passing
through the cyclone, the particles were
collected on Pallflex 2500 QAST quartz
fiber filters for subsequent optical analy-
sis.

The sampling system used on the U-2
is described in (8). Samples were taken
with a 1-mm wide opal glass impactor
that was glued into a sealed module
mounted under the wing of the aircraft
and was extended into the free airstream
only when the aircraft was in the plume.
For typical sampling conditions, the
glass impactor has a theoretical collec-
tion efficiency of 50 percent for particles
0.2 um in diameter. Despite their dif-
ference in size-dependent collection
characteristics, the two samplers pro-
vide comparable measures of the absorp-
tion coefficient attributable to climati-
cally important aerosols for two reasons:
large particles removed by the cyclone
have relatively short lifetimes because of
their high settling velocities, while ab-
sorbing rock or mineral particles too
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