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Measurements of the Stratospheric Plume from the Mount St. 

Helens Eruption: Radioactivity and Chemical Composition 

Abstract. Gas tneaslcretnenrs tnade in the stratospheric plmmeJ).nm the eruption n j  
Mount S t .  Helens on 18 May 1980 were not consistent \r.ith a reported large injection 
o f  radon-222 into the atmosphere. N o  enrichment in the volatile element pnloniutn 
H3as ,found in ~5lter samples, and the ratio of polonilrm-210 tn lead-210 N,as not 
differetzt jbotn backgmutzd ~9alues. Data obtained x'itlz an experitnentrrl impactor, 
j7or13n shortly after the eruption, sho~t,ed an increase of id in the stratosphrric 
nllmber concentration of subrnirrometer su(f(1te pctrticles compared to concentra- 
tions before the eruption. 

The High Altitude Sampling Program 
(HASP) o f  the U.S.  Department o f  Ener- 
gy provides data on the distribution o f  
radioactivity and various nonnuclear 
compounds in 5amples o f  the upper at- 
mosphere obtained from aircraft and bal- 
loons. In Project Airstream ( I ) ,  the air- 
craft part o f  HASP, a WE-57F aircraft is 
used to sample in the Northern Hemi- 
4phere stratosphere and troposphere 
three times a year (April, July, and Octo- 

ber). Data have been reported on the 
distribution o f  naturally occurring radio- 
nuclides ( 2 ' 0 ~ b ,  7 ~ e ) .  fission products 
(90Sr. '37Cs, '"Ce, 9%r), and transuran- 
ics ( 2 3 9 ~ u )  ( 2 ) ;  o f  trace gases such as 
CC13F, CCI2F2. CC14, NzO, and S F 6  (3 ,  
4 ) ;  and o f  sulfate. nitrate, and ammoni- 
um ions ( 5 ) .  For these measurements 
two types o f  samples have been ob- 
tained. 

A filter sampler containing IPC-1478 

filter paper is inserted into the airstream 
to obtain aerosol samples for radioactiv- 
ity and nonnuclear chemical analyses, 
and a high-pressure gas-sampling system 
(P-system) collects more than 2000 stan- 
dard liters o f  air for gas analysis. On 13 
May 1980, 5 days before the Mount St. 
Helens eruptions began, an experimental 
four-stage impactor called the Environ- 
mental Measurements Laboratory im- 
pactor (EMLI)  was successfully tested 
and provided stratospheric samples for 
analysis by electron microscopy (6). 

On 18 May 1980 the first eruption of  
Mount St. Helens injected large quanti- 
ties o f  aerosols and gases into the atmo- 
sphere. On two separate flights, 50 and 
75 hours after the first eruption. the WB- 
57F aircraft left Ellington Air Force 
Base. Houston, Texas, and attempted to 
intercept the volcanic plume in the upper 
troposphere and lower stratosphere as it 
moved across the United States. I t  was 
expected that measurements o f  ' ' 2 ~ n  
and the daughters '"'Po and '"'Pb would 
show that large quantities o f  radon gas 
were injected into the atmosphere (7) 
and that " O P O  was enriched with respect 
to " O P ~ .  as reported for other volcanoes 
(8) .  In addition, the experimental impac- 
tor, previously shown to collect particles 
with diameters as small as 0.05 km, 
would provide information on the size 
and chemical composition o f  the aero- 
sols from the eruption. 

Pressurized gas samples were ana- 

Table l .  Background and plume measurements on 13. 20. and 21 May 1980 

Altitude 
(km) 

Location 
Sulfate" 
( k g  m' 
STP) 

South Texai  
South Texas 
South Texas 
South l 'exas 
South Texas 
South Texas 

South-central Kansas 
Central Kansas 
Central Kansas 
Southwest Kansas 
West Kansas 
West Kansas-Nebraska 
West Colorado 
West Colorado-Kansas 

Southeast Colorado 
North-central Colorado 
South-central Wyommg 
South-central Wyoming 
Northwest Colorado 
Southwest Colorado 
Northwest New Mexico 

""pb' 

(fCi,m7 
STP) 

- .. - . -- - 

5.7 + 0.3 
4.8 r 0.4 
6.1 t 0.8 
5.2 + 0.3 
6.4 2 0.4 
6.5 -e 0.7 

4.4 + 0.8 
7.1 i 0 . 5  
6.7 t 0.9 

8.4 t 1.4 
4.4 ? 1.3 
6.9 + 1.7 
9.1 ? 1.5 

7.2 ? 0.3 
5.9 ? 1.0 
6.4 t 0.9 
6.8 ? 5.6 
5.0 5 1.9 
7.8 t 1.5 

- - - -- - . - - - - 

'Mean = standard deviation: STP. 5tandard temperature and pressure.  all ga5 samples. except the sample from southeast Colorado on 21 May, spanned two 
filter samples. iAkerage tropopause height. 13.6 km. $Average tropopause height. 11.0 km. B e l o w  limit of detection. lAverage tropopause height. 
12.5 krn. 
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lyzed for ' " ~ n  by techniques developed 
at the Environmental Measurements 
Laboratory (9); the lower limit of detec- 
tion for these measurements was 0.27 
pCi (0.6 dislmin). Filter samples were 
analyzed for "90 and 2'0Pb as described 
by Harley (10); the lower limits of detec- 
tion for these nuclides are 0.05 and 0.33 
pCi, respectively. 

Radiochemical results from the 13 
May preeruption flight and the 20 and 21 
May posteruption flights are shown in 
Table 1. The gas samples were collected 
over a longer period than the filter sam- 
ples, and in most cases they overlap two 
filter samples. The sulfate and ash data 
(mass remaining after ashing) (11) are 
included to show which samples were 
taken within the plume. The overall ac- 
curacy of the concentration data is better 
than 20 percent (I). The error associated 
with the radionuclide data reflects the 
counting errors and filter blank variabili- 
ty. 

In contrast to the results of another 
study (3, the radon analyses did not 
show any evidence of a large release of 
radon gas from Mount St. Helens. Only 
one of the eight whole air samples in 
Table 1 (the 15.2-km sample of 20 May) 
indicates a slightly elevated radon con- 
centration coinciding with the plume. 
This value is within a factor of 2 of the 
concentration in the 15-km nonplume 
sample collected on 21 May and is in 
agreement with the 1962 profiles mea- 
sured at the Environmental Measure- 
ments Laboratory (12) and the profiles 
published by Moore et al. (13). The 
vertical profiles are in reasonable agree- 
ment with the atmospheric radon model 
of Jacobi and Andrt (14). The radon 
concentration measured in the plume in 
the troposphere (first sample of 20 May 
at 9.4 km) is similar to upper tropospher- 
ic data reported elsewhere (8). 

Table 1 also indicates that the volcanic 
plume was not rich in "90 and " 9 b .  
On the 20 May flight at 15.2 km over 
western Kansas, where the ash content 
of the filter reached 710 Fg/m3, the "'PO 

and "OPb concentrations were 5.2 and 
8.4 fCi/m3, respectively. The concentra- 
tion range from the preeruption flight 
included similar values. Positive verifi- 
cation that the plume was intercepted is 
give by the ash and sulfate concentra- 
tions from the 21 May flight (15 and 18.2 
km). The ''90 and " q b  concentrations 
do not differ from those in the preerup- 
tion or nonplume samples. Lambert et 
al. (8) concluded that the concentrations 
of radon daughters in the atmosphere are 
higher than would be expected from 
known rates of exhalation of radon by 
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Fig. 1 .  Electron micrographs of (a and b) preeruption and (c and d) posteruption stratospheric 
aerosols. (a) Sulfuric acid. (b) Pitting left by volatile sulfur particles; larger particles are stable in 
the scanning electron microscope and contain sulfur. (c) Ash particles showing extensive 
pitting. (d) Pitting left by volatile sulfur particles; larger particles are ash and contain sulfur. 

soils. Thev attributed this to volcanic 
emissions of radon and its daughters. 
The average 2'"Po/2'0Pb ratio in the pres- 
ent samples was 0.6, and the highest 
value (1.3 2 0.4) was measured outside 
the plume. 

A stratospheric sample collected with 
the EMLI on 13 May at 19.2 km 
(28"301N, 95"301W) provided information 
on the aerosol composition before the 
eruption. On 21 May at 18.2 km we 
intercepted the plume from the eruption 
(42"15'N, 1 10°W) and collected sufficient 
samples for analysis by electron micros- 
copy and proton-induced x-ray emission 
analysis (PIXE). All four stages of the 
posteruption sample collected large par- 
ticles (15). Since the first stage does not 
contain the kinds of particles found on 
the other stages, the particles on the 
latter stages are not attributed to particle 
bounce. The average particle character- 
istics (morphology and elemental com- 
position) were different from stage to 
stage. The number concentrations of 
large particles were: stage 1, 30 ~ m - ~ ;  
stage 2,50 ~ m - ~ ;  stage 3, not measurable 
because of stage overloading; and stage 
4, 25 ~ m - ~ .  

The first stage was dominated by ash 
particles with smooth protrusions. The 
second stage contained large flaky ash 
particles with extensively pitted surfaces 

(Fig. lc); the surface pitting indicates 
that the ash provided sites for the growth 
of volatile sulfur particles. The third 
stage was overloaded with ash particles 
which obscured a major part of the My- 
lar surface; volatile material associated 
with these particles is indicated by their 
surface pitting. Black areas, which were 
found only on this stage, are unexplained 
(Fig. Id). It appears as though volatile 
material released from the particles did 
not completely evaporate in the electron 
beam. The last stage contained particles 
composed predominantly of silicon and 
iron. 

In addition to ash, the eruption in- 
creased the number of volatile small par- 
ticles in the stratosphere (16) by three 
orders of magnitude (from 10 cm-3 on 
the preeruption flight to lo4 ~ m - ~ ) ,  as 
indicated by pitting of the silicone oil 
film caused by evaporation of volatile 
sulfur compounds (compare b and d, Fig. 
1). At such small sizes, present analyt- 
ical techniques do not allow the differ- 
entiation of sulfate compounds. Labo- 
ratory studies of ammonium sulfate and 
sulfuric acid aerosols showed similar pit- 
ting patterns in the silicone film. At 
present, the small particles observed are 
identified as volatile sulfur compounds. 
The preeruption sample contained large 
liquid droplets (Fig. la) that evaporated 



Table 2. Proton-induced x-ray emission analysis of a posteruption sample collected on 21 May 
1980 between 39"04'N, 108"48'W and 37"20'N, 108"32'W at 18.2 km. 

- -. . - - 

Concentration ( k g / ~ '  STP)* 
Element - - 

Stage 1 Stage 2 t  Stage 3 Stage 4 
~ 

Sodium 1.1 + 0.4 
Aluminum 0 .9  t 0.4 0.79 
Silicon 4.2 t 0.4 0.74 7 t 2 $  
Sulfur 0.26 t 0.01 0.64 1.7 + 0 .6  0.9 + 0.6 
Potassium 0.24 t 0.02 0 .2 t  0.23 2 0.07 
Calcium 0.35 + 0.1 1 0.36 0 .4  t 0 .2  0.22 + 0.07 
Titanium 0.03 t 0 O.1l t  
Iron 0.35 t 0.04 0.14 0.13 + 0 0 .4  + 0.2 
Copper 0.02 2 0 
Rubidium 0.04 2 0.02 

-~ 

*Mean i deviation from the mean of duplicate analyses. :'Based on a single analysis. $Unexplained 
high concentration. 

in the electron microscope, leaving over- 
lapping satellite patterns around a resi- 
due. This pattern is characteristic of sul- 
furic acid (IT). Similar patterns were 
seen in the plume sample. The observa- 
tion of large numbers of volatile small 
particles after the eruption may be ex- 
plained by either direct injection of sul- 
fate particles during the eruptive phase 
of the volcano or gas-to-particle conver- 
sion during plume transit. 

Another sample from the EMLI  was 
used for PIXE analysis; the sample was 
collected at the same altitude (18.2 km) 
as the sample analyzed by microscopy 
and within 5" latitude of that sample. An 
independent filter sampler provided 
measurements of the ash and sulfate 
concentration (Table 1) in the plume near 
where the PIXE sample was collected. 

Table 2 shows the elemental analysis 
of the aerosols collected on the four 
impactor stages from the volcanic 
plume. The errors shown are deviations 
from the means of duplicate analyses and 
reflect interference from the background 
silicone oil and Mylar film. The elemen- 
tal composition in the plume is highly 
variable ( I I ) ,  and it is not useful to  
compare it with other posteruption mea- 
surements. The peak in the sulfur con- 
centration on the third stage indicates 
that different mechanisms are involved 
in the production of sulfur particles. Not 
all parts of the plume were measured 
within 1 day of the eruption, but some 
data indicate absence of sulfuric acid in 
the early stages (18). 

The high concentration of iron on 
stage 4 (Table 2) is consistent with mi- 
croscopic data. Apparently, fraction- 
ation of the iron occurred in the early 
stages of the eruption. Microscopic ex- 
amination of the particles from stage 4 
shows that they are flaky, predominantly 
silicon and iron, and not spherical as  
would be expected if they were meteorit- 
ic. 
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Except for the high silicon concentra- 
tion on stage 3, which is unexplained, 
most of the ash mass was found on stage 
1, consistent with the impactor collecting 
the largest particles on the first stage. 
In the filter collections from the flight 
of 21 May the sulfate concentration var- 
ied from 0.7 to 44 p,g/m3 and the ash con- 
centration varied from 15 to 110 p,mim3 
(Table 1). The total ash and sulfate con- 
centrations estimated from the elemental 
concentrations measured on the impac- 
tor (Table 2) and from the ash composi- 
tion in the filters (7 )  are 49 ? 23 and 
11 k 4 p,g/m3, respectively. These con- 
centrations d o  not differ from those 
found in samples collected independent- 
ly (Table 1). 

The absence of chloride on the imuac- 
tor samples is unusual, since large quan- 
tities were detected in the first 24 hours 
in the plume (19). This could reflect a 
significant loss of volatile chloride to the 
atmosphere during transit. Also, because 
there were large inhomogeneities in the 
composition of the plume, one must be 
cautious in comparing early and late 
samples. 

The eruption of Mount St. Helens in- 
jected large quantities of ash and gases 
into the atmosphere. Extremely high but 
variable quantities of ash were measured 
in different parts of the spreading plume 
after the initial eruption. The elemental 
composition of the ash varied by factors 
of -2, depending on where in the plume 
measurements were made. The ash pro- 
vided excellent surfaces for gas-to-parti- 
cle conversion and formation of sulfuric 
acid. From the samples collected it is not 
possible to  determine whether this con- 
version occurred during the initial erup- 
tion or at a later time. The low "O~oi  
'lOpb ratios in the plume indicate that the 
ash from Mount St.  Helens was not 
enriched with respect to  polonium, as  
previously reported (7). N o  excess 2 2 2 ~ n  
was found in the plume on two succes- 

sive days, and therefore no large injec- 
tion of radon into the atmosphere from 
the volcanic eruption is indicated. 
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Measurement of Solar Radius Changes 

Abstract. Photoelectric solar radius meclsurements since 1974 ut Mount Wilson 
show no change in the solar radius, with ci limit of about 0.1 urc second ( I  ste~ndcird 
deviation), over. the interval. The limit is set by residual systemcitic ~ f f &  ts.  

Several studies of possible secular and 
periodic variations of the solar radius 
have yielded conflicting results (1-7). 
The data analyzed have been almost 
entirely historic measures from meridian 
circles, heliometers, transits of Mercu- 
ry, and eclipse timings. All of these data 
are based on visual estimates. None of 
the daily measurement programs are cur- 
rently obtaining data. We present here 
results of daily photometric measure- 
ments of the solar radius over the past 7 
years at the Mount Wilson Observatory. 

Measurement technique. One part of 
the reduction of the Mount Wilson daily 
full-disk magnetograms is a determina- 
tion of the radius of the solar image. 
Although high precision is not required 
for the magnetic analysis, the formal 
error of the daily values is about 0.1 arc 
second. These data have been taken for a 
number of years, and we have examined 
them for a secular variation in the solar 
radius. Our measurements are not abso- 
lute, as the focal length of the telescope 
is not known to sufficient precision; a 
nominal radius of 960.0 arc seconds is 
used to convert our scale to  arc seconds. 

The Mount Wilson 150-foot Solar 
Tower Telescope and magnetograph 
have been described in detail by Howard 
(8-10). The daily observation is a bous- 
trophedonic scan of the full disk in the 
wings of the 5250.2-A FeI line. The ob- 
jective, polarizing optics, and spectro- 
graph aperture (12.5-arc second square) 
are fixed. Scanning is done by moving 
the guider sensors located at the prime 
focus image; the guider error signals 
drive the second flat mirror, moving the 
solar image across the aperture. The (x, 
y )  position of the guider sensors is re- 
corded with each data sample. One x, y 
encoder unit corresponds to  0.28 arc 
second. Scan lines are aligned perpen- 
dicular to the solar pole. The observation 
is started in the solar north o r  south by 
random selection. Each scan line ex- 
tends off the disk and onto the sky at 
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both ends. There are about 150 scan lines 
in each observation. 

The average intensity of the disk is 
computed from the data, and a linear 
trend of intensity as  a function of time is 
removed from the data. This linear trend 
averages 5 4 percent, so systematic 
nonlinearity of our photometric scale 
may be ignored. The limb is defined as  
the steepest point in the limb darkening 
curve; a t  the wavelength used, this cor- 
responds to a contour level of measured 
intensity of 0.?5 of the disk average 
intensity. 

The (x, y) positions of the limbs in 
each scan line are found by linear inter- 
polation of the intensities. The equation 
R = [(x - x,)' + (y - Y~)']"' is then 
solved by a least-squares method for the 
center of the image (Xo, Yo) and the 
radius R .  Separate solutions are obtained 
for the eastward and westward scan lines 
to allow for backlash in the drive mecha- 
nisms. The radius measure Ro is the 

Daily plot 
Radius measure 

average of these two solutions. The radi- 
us solutions are done iteratively, with 
points far from the derived limb exclud- 
ed. This rejects data where the limb is 
obscured by the guider sensors or a 
passing cloud. Typically, 20 points out of 
150 are so  rejected. The formal probable 
error of the least-squares solutions is 
typically 0.06 arc second, with little vari- 
ation about that value. Some observa- 
tions are taken under poor photometric 
conditions, with variable sky transparen- 
cy or scattering. On these days the for- 
mal probable error is much larger than 
normal, 2 0.12 arc second. We rejected 
133 days on this basis. N o  bias is intro- 
duced into the data set by this criterion 
because the formal probable error is un- 
correlated with the raw radius measures 
or the radius residuals, and the actual 
errors are much larger than the formal 
errors and set by effects other than the 
internal photometric consistency of an 
observation. 

Once the limb position is found, the 
scattered light of the optics plus atmo- 
sphere is determined. Scattered light is 
defined as the average intensity mea- 
sured at  a distance (2.8 + A l f i a r c  sec- 
onds) outside the limb, where A is the 
aperture size; this guarantees that all 
parts of the aperture, including the cor- 
ners, are off the limb, with an arbitrary 
2.8-arc second allowance for seeing rip- 
ple and mechanical jitter. 

Figure 1 shows the raw radius mea- 
sures as a function of time. In the inter- 
val 26 July 1974 to 1 April 1981 there are 
1412 measurements. 

Reduction procedure. Sources of vari- 
ation in the measured image size, aside 

75 76 77 78 79 80 8 1 

Year 

Fig. 1. Solar radius observed with the Mount Wilson magnetograph. The arc second scale is not 
absolute; a mean radius of 960.0 arc seconds is assumed. There are 1412 observations in this 
interval. 




