
Only sample 2 (1.8 km) had a significant 
quantity of ash or detectable elements 
above the blank values, whereas other 
samples yielded data only for elements 
of marine origin. The relative composi- 
tion of both the 1.8-km and the 1.5- to 
5.5-km filter samples is the same for all 
of the elements measured except for 
some rare-earth elements, which have 
relatively large analytical errors. So that 
we might better interpret these data, we 
calculated enrichment factors with re- 
spect to Al, relative to Taylor's (5) crust- 
al values, as follows: 

where X and A1 refer to the concentra- 
tions of the trace element of interest and 
of Al, respectively. Elements with en- 
richment factors close to unity are not 
strongly enriched relative to the earth's 
crust. Enrichment factors up to about 5 
are probably due only to variations in the 
mineral makeup of the source material, 
in this case, the volcanic ejecta. Figure 1 
shows the enrichment factors for the 
elements determined in the plume sam- 
ples. Very few elements are enriched, 
and a few appear to be depleted. The 
lack of enrichment for the heavy ele- 
ments may reflect the depletion of these 
elements in the magma of this volcano. 

In contrast, studies of other volcanoes 
show that eruption plumes and fuma- 
roles have very large enrichments (6), as 
much as 10' for the volatile elements Se, 
As, Sb, C1, and Br. For Soufriere, the 
highest enrichments are factors of only 
20 to 40 for Sb and C1, with only detec- 
tion limits for Se and As. These results 
indicate that the aerosols sampled by the 
aircraft were predominantly of ash dis- 
persed into the atmosphere, with little or 
no chemical fractionation taking place. 
This same result was observed for the 
plume from the eruption of Mount St. 
Helens on 18 May 1980 (7). Plumes 
formed by phreatic or magmatic-phreatic 
eruption may be expected to have major 
contributions of airborne ash and onlv 
minor amounts of volatile materials. On 
the other hand, plumes formed by truly 
magmatic eruptions, with little or no 
involvement of steam, might be expected 
to have a much larger quantity of volatile 
elements and therefore higher enrich- 
ments. 

When one calculates the mass of ash 
from the trace-element measurements in 
the plume and the ash composition, the 
results are not totally in agreement with 
those obtained by ashing the filters and 
weighing the residue. This inconsistency 
is due either to inhomogeneities in the 
filter portions used or to a loss of materi- 

Fig. 1. Crustal enrichment factors for plume 
samples from the 17 April 1979 eruption of 
Soufriere. St. Vincent. 

al during the ashing procedure. In gener- 
al, the composition of the plume-particu- 
late sample is similar to that of the ash 
that fell on the island, but chemical dif- 
ferences due to some fractionation in the 
settling process changed the relative ele- 
mental composition slightly. 

Analysis for the radioactive mother1 
daughter pair 2 1 0 ~ o  and 2 1 0 ~ b  also failed 
to reveal an enrichment in the more 
volatile Po (210~o1210Pb = 0.25). Secular 
equilibrium would dictate a ratio of 1.0, 
and earlier measurements of magmatic 

gases in volcano plumes revealed ratios 
much greater than 1.0 (8). For Soufriere, 
we must conclude that the eruption 
plume is depleted in volatile elements. 
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Volcanic Gases in the April 1979 Soufriere Eruption 

Abstract. Six gas samples from the 17 April 1979 Soufriere eruption plume were 
analyzed for carbonyl sulfide, carbon disulfide, carbon monoxide, carbon dioxide, 
methane, nitrous oxide, fluorocarbon-11, fluorocarbon-12, methyl chloroform, and 
carbon tetrachloride. Only carbon monoxide, carbon dioxide, carbonyl sulfide, and 
carbon disulfide were found to have increased mixing ratios as compared with those 
in clean tropospheric air, but the increases were not suficient to contribute greatly to 
the global budgets of these four components. 

Whole-air samples were collected on a 
KC-135 aircraft mission near Soufriere, 
St. Vincent, on 18 April 1979, less than 
24 hours after the 17 April eruption, 
which had been preceded by eruptions 
on 13 and 14 April. These samples have 
been analyzed by several gas chromatog- 
raphy techniques for carbonyl sulfide 
(COS), carbon disulfide (CS2), carbon 
monoxide (CO), carbon dioxide (C02), 
methane (CH4), nitrous oxide (N20), flu- 
orocarbon-12 (F-12 or CF2C12), fluoro- 
carbon-11 (F-11 or CFC13), methyl chlo- 
roform (CH3CC13), and carbon tetrachlo- 
ride (CCld. 

Two simultaneous samples were col- 
lected at each of three altitudes: 1800, 
7300, and 9450 m. Methods of sample 
collection have been described in (I). 
Table 1 gives the flight times, latitudes, 
longitudes, and altitudes for each sam- 

ple, as well as the results of the analyses 
of the gases. The amount of each compo- 
nent is reported as a dimensionless mix- 
ing ratio. Samples 1 and 2 were collected 
in the densest part of the plume, whereas 
sample pairs 3, 4 and 5, 6 were collected 
at higher altitudes, not necessarily en- 
tirely within the plume. 

A gas chromatograph-flame photo- 
metric detector system (2) was used in 
analyzing for COS and CS2. A 0.8-liter 
aliquot was transferred cryogenically for 
each sulfur-compound analysis. The 
samples were analyzed for CO, C02 ,  and 
CH4 with a gas chromatograph-flame 
ionization detector system and for N20 ,  
CF2C12, CFC13, CH3CC13, and CC14 with 
a gas chromatograph-electron capture 
detector system (3). 

To determine which of the measured 
species are of volcanic or partly volcanic 
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Table 1. Chemical composition of gases from the April 1979 Soufriere eruption plume; N.R., not reported (9).  

cos (ppb) CSZ ( P P ~ )  

Ana- Ana- Ana- Ana- 
Sam- F-12 F-11 CH3CC13 CC14 N 2 0  CH4 co2 CO lyzed lyzed lyzed lyzed 
pie ( P P ~ )  (PP~)  (PP~)  ( P P ~ )  ( P P ~ )  ( P P ~ )  ( P P ~ )  ( P P ~ )  AU- NO- Au- NO- 

gust vember gust vember 
1979 1979 1979 1979 

Altitude, 1800 rn; 1650 to 1720 LCT; 13"N to 14"N, 61°W 
1 270 193 106 120 330 1.62 397 0.76 0.9 3.3 0.2 0.4 
2 269 194 N.R. 132 333 1.59 378 0.77 1.0 0.8 0.2 0.3 

Altitude, 7300 rn; 1740 to 1810 LCT; 13"N to 1loN, 63"W to 58OW 
3 284 176 102 149 N.R. 1.57 361 0.68 N.R. 1.9 N.R. 0.5 
4 293 194 114 142 N.R. 1.57 365 0.69 N.R. 3.0 N.R. 1.2 

Altitude, 9450 rn; 1810 to 1840 LCT; 1l0N to 14ON, 58OW to 62"W 
5 283 163 115 137 N.R. 1.61 371 1.50 N.R. 1.8 N.R. 0.8 
6 273 166 108 131 N.R. 1.60 406 1.65 N.R. 1.4 N.R. 0.4 

Table 2. A comparison between the background mixing ratios and those of the volcanic plume. 

--  - 

Expected 279 i 5 178 t 5 110 t 6 140 i 7 331 i 1 1.55 t 0.02 340 t 7 0.2 t 0.1 0.5 t 0.2 0.2 t 0.1 
background 

Observed 279 i 10 181 t 5 109 t 5 135 + 10 332 k 1 1.57 t 0.02 380 t 18 0.7 to 1.7 0.2 to 3.3 0.2 to 1.2 
plume 

origin, the measured mixing ratios are 
compared in Table 2 with the normally 
expected burdens in clean tropospheric 
air (background) for the appropriate time 
and place. For example, F-12 has both a 
latitudinal gradient and an increasing 
burden with time (4). The mixing ratio of 
F-12 increased 10.9 percent from De- 
cember 1977 to December 1979. The 
regression line for F-12 as a function of 
time for ground-level measurements at 
47"N was 

where y is the F-12 mixing ratio in parts 
per trillion and x is the time in weeks 
(week 1 starts on 17 December 1977). 
The latitudinal gradient for this compo- 
nent has also been measured. The re- 
gression line calculated from data col- 
lected in September 1979 was 

where y is the F-12 mixing ratio in parts 
per trillion and x is the degrees of latitude 
between the intertropical convergence 
zone (about 5"N in this case) and 50"N. 
The expected background value reported 
for F-12 in Table 2 has been selected on 
the basis of a comparison of this and 
other similar data. The expected back- 
ground values in Table 2 for F-11, 
CH3CC13, CC14, and N 2 0  have been sim- 
ilarly obtained from the same measure- 
ment programs that provided the com- 
parison data for F-12. The mixing ratios 
of N20  and CC14 have not been observed 
to change by more than *2 ppb or k 10 

ppt, respectively, over several years 
time. For CH3CC13, on the other hand, 
there has been both a significant latitudi- 
nal gradient and an increase with time. 
The behavior of F-11 in the atmosphere 
has been similar to that of F-12. 

Table 2 shows that none of these five 
components has exhibited significant in- 
creases in the mixing ratios in the vol- 
canic plume. This observation is in keep- 
ing with the generally accepted fact that 
most of the emissions of the halocarbons 
are of anthropogenic origin, whereas 
N20  is a predominantly naturally emit- 
ted atmospheric constituent resulting 
from microbial action. 

The expected background values of 
the remaining components listed in Table 
2 have been obtained from measure- 
ments made by investigators at Washing- 
ton State University. These measure- 
ments are in agreement with values re- 
ported in the literature (5). 

Of the five remaining gaseous atmo- 
spheric components measured in these 
samples (CH4, C02,  CO, COS, and CS3, 
CH4 is the only one that does not appear 
to be present in amounts greater than 
those expected in the free troposphere 
(Table 2). However, the degree to which 
the CO, C02,  COS, and CS2 values are 
increased does not suggest that this vol- 
canic event made any major contribu- 
tions to the global budgets of these four 
constituents. The C02  mixing ratio is 
increased by only about 10 percent, and 
the CO, COS, and CS2 mixing ratios 
increased a maximum of six to eight 

times. These data support earlier indica- 
tions (6) that volcanoes represent a mi- 
nor source of COS on a global basis. The 
emissions of CS2 and COS clearly are 
orders of magnitude less than that of SO2 
(6). This fact is in agreement with recent 
conclusions about H2S and COS (6). The 
major interest in this respect centers 
around whether the sulfur transported to 
the stratosphere in large explosive 
events in compounds other than SO2 
need be considered relative to strato- 
spheric aerosol formation (Junge layer). 
These scanty data do not permit flux 
measurements to be made, but the con- 
clusion must be that only a small pro- 
portion of the sulfur in volcanic emis- 
sions is carried by these gaseous com- 
pounds. 

Although higher altitude aerosol sam- 
ples had a much lower ash content, com- 
parable mixing ratios for COS, CS2, CO, 
and C02  were found at all altitudes sam- 
pled. This behavior was also observed 
for the sulfate measured in the aerosol 
samples (7). Insufficient three-dimen- 
sional sampling of the volcanic plume 
prevented a decision on whether the ash 
and gaseous plume separation is due to 
(i) vertical fractionation, (ii) horizontal 
fractionation caused by changes in the 
nature of ejected material during the 
course of the eruption coupled with sub- 
sequent differing downwind movement, 
or (iii) depletion of gaseous components 
in areas of high ash content due to the 
adsorption of the gases onto the ash. 
Large amounts of COS and CS2 have 
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been observed to be desorbed from 
Mount St. Helens ash on heating (8). The 
sulfur carried in the aerosol as sulfate 
[the range is 0.5 to 1.5 ppb (by volume) 
when converted from parts per billion 
(by mass) as reported in (7)] is compara- 
ble with the sulfur carried in the plume 
gases as COS and CS2. 
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Stratospheric Nitrogen Dioxide in the Vicinity of 
Soufriere, St. Vincent 

Abstract. In April 1979, measurements of nitrogen dioxide in the upper atmo- 
sphere were made near Soufriere Volcano by twilight optical-absorption techniques. 
The derived value of 5 x 1 0 ' ~  molecules per square centimeter column implies an 
enhancement of 25 percent over earlier abundances measured in the same latitudinal 
regions. This enhancement may represent the normal stratospheric variability of 
nitrogen dioxide in the equatorial region but in any case may be considered an upper 
limit to the volcano's effect on the total nitrogen dioxide abundance. 

On 15 April 1979, a series of flights of a 
NASA P-3 aircraft, coordinated with the 
SAGE (Stratospheric Aerosol and Gas 
Experiment) satellite, was scheduled in 
the vicinity of Barbados (13.03"N, 
59.48"W) in order to investigate the pos- 
sible stratospheric effect of the 13 to 14 
April series of volcanic eruptions of Sou- 
friere. The first flight was on 17 April; 
the major eruption of the volcano took 
place while the aircraft was airborne and 
headed toward St. Vincent. The flight 
plan consisted of a series of circles taken 
around the volcano, outside the region of 
the plume. 

During the next 2 days, additional 
flights were made in an attempt to de- 
duce the drift pattern and altitudinal ex- 
tent of the volcanic aerosols in the atmo- 
sphere at and above the level of the 
aircraft. Unfortunately, it was quite 
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cloudy during this whole period. As the 
NO2 measurements obtained from the 
visible spectrophotometer required clear 
skies or at least uniform cloud coverage, 
subsequent NO2 measurements were 
made on the ground in Barbados just 
before each aircraft flight on 18 and 19 
April. The aerosol results from the lidar 
(light detection and ranging) measure- 
ments and the in situ quartz crystal mi- 
crobalance cascade impactor are report- 
ed in ( I )  and (2). 

The absorption features of the NO2 
molecule cover a large region of the 
visible spectrum. The most intense ab- 
sorption bands are in the region from 
4250 to 4550 A and are easily accessible 
by means of modern spectrophotometric 
systems. Noxon et al. (3) made a de- 
tailed study of the observed twilight ab- 
sorption by NO2. They obtained a series 

to any NO2 height profile. Figure 1 pre- 
sents the data obtained for the 17, 18, 
and 19 April evening twilights. The per- 
cent absorption scale was varied to make 
these data points fall within the group of 
altitude curves given by Noxon et al. (3). 
We then used the relative scale factor 
together with the total abundance of 
1.1 x 1016 molecules per square centi- 
meter column, used to produce Noxon's 
curves, to deduce the abundance that 
would produce the observed data points. 
Although it is difficult to select a specific 
representative altitude curve for these 
data points, the curve should be the 
same for the three data sets obtained 
here, because we do not expect much of 
a latitudinal variation in the height distri- 
bution for this time of the year (5). The 
percent absorption obtained in the three 
latitudinal regions translates into various 
total amounts of NO2 at each latitude. 
We plotted these values as large black 
dots on the graph of latitudinal variation 
in NO2 observed by Noxon (5) [correct- 
ed by Noxon (4)1 (Fig. 2). We have also 
included in Fig. 2 similar NO2 data ob- 
tained on another SAGE-coordinated se- 
ries of flights at high latitudes in July 
1979. 

Our data for 5 April and for 12 to 14 
April are higher than Noxon's by about a 
factor of 1.4. This difference could be 
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