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Spectroscopy of lo's Pele plume against Jupiter by the Hubble Space Telescope 
in  October 1999 revealed absorption due t o  S, gas, with a column density of 
1.0? 0.2X 1016per square centimeter, and probably also SO, gas with a 
column density o f  7 2 3 X 1016per square centimeter. This SO,/S, ratio (3 
t o  12) is expected from equilibration with silicate magmas near the quartz- 
fayalite-magnetite or wiistite-magnetite buffers. Condensed 5, and S,, prob-
able coloring agents in Pele's red plume deposits, may form by polymerization 
of the S,, which is unstable t o  ultraviolet photolysis. Diffuse red deposits near 
other lo volcanoes suggest that venting and polymerization of 5, gas is a 
widespread feature of lo volcanism. 

10's plumes, discovered by Voyager in 1979, are 
the most dramatic expression of its active vol- 
canism, and the 300-km-high Pele plume was 
by far the largest seen by Voyager (1).Galileo 
images have shown the Pele plume on only one 
occasion, in late 1996 (2). The plume was im- 
aged by the Hubble Space Telescope (HST) at 
257 to 291 nm, very faintly against dark sky in 
July 1995, and in extinction during transit of 10 
across Jupiter's disk in 1996 (3). In the transit 
images, the observed decrease in plume optical 
depth toward longer wavelengths was explained 
either by fme-grained dust scattering or SO 8as 
absorption; other gas species were not consid- 
ered at that time. Subsequent transit and dark- 
sky imaging in July 1997 did not detect the 
plume, which was therefore less active then. 

In October 1999 we observed the Pele plume 
with the HST (Table 1) to distinguish gas from 
dust extinction and to support observations by 
the Galileo spacecraft, whch flew within 61 1 
km of 10, and within 1300 krn of the Pele plume 
vent, at 5:06 universal time (UT) (4) on 11 
October. Images were taken with the Wide- 
Field Planetary Camera 2 (WFPC2) in the 
F255W, F336W, and F410M filters, with solar- 
weighted wavelength ranges of 257 to 29 1 ,3  15 
to 358, and 400 to 417 nm, respectively. Spectra 
were obtained during Jupiter transit with the 
Space Telescope Imaging Spectrograph (STIS), 
using its charge-coupled device (CCD) detector, 
its low-resolution 168- to 306-nm G230LB grat- 
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ing, and an effective slit size of 0.1 X 10 arc sec, 
giving 0.3-nm spectral resolution. The slit was 
stepped to five positions in 0.1-arc sec incre- 
ments (relative to 10) perpendicular to its length, 
with an integration time of 255 s at each position 
and the expected location of the Pele vent placed 
within the central slit position. 

The images taken against dark sky (Fig. 1) 
detected the Pele plume in the F255W and 
(probably) F336W filters, showing that the 
plume was active and had some dust compo- 
nent, because detectable Rayleigh scattering by 
gas alone is not expected at 10 plume gas den- 
sities (5). The plume was conspicuous in the 
F255W image taken against Jupiter's disk, with 
an altitude of about 350 km, but was not seen in 
the F336W filter, confming the wavelength 
dependence of the extinction (3). The plume 
was also invisible against Jupiter in 1.5-km/ 
pixel resolution clear- filter (400 to 1000 nm) 
images taken on 11 October at 9:50 UT (4, 6 ) .  

The STIS data were processed as follows. 
Near-10 spectra are contaminated by the spec- 
trum of 10's disk owing to the finite STIS pixel 
size and the HST point-spread function. To cor- 
rect for ths  and establish the continuum level 
for the spectra, we combined the five STIS 
long-slit spectra into an image cube and fit 10's 
location in the image plane with a blurred model 
disk (7). We used the model to determine the 
fraction of the spectrum in each pixel (after 
blurring) that was contributed by 10's disk, and 
removed this contribution using an average 10 
spectrum taken from the regions of 10 furthest 
from the limb. Grating-scattered light becomes 
significant at wavelengths below 240 nm and 
dominates the signal below 2 10 nm. We deter- 
mined the scattered light level in the 210- to 
220-nm region by comparing the depth of solar 
Fraunhofer lines in the data to those in a solar 
spectrum (a),and subtracted the scattered light 
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Fig. 1. October 1999 WPFC2 images of lo showing the Pele plume. (A) 10109, 10:46 UT, F255W 
filter, plume faintly visible against the dark sky. (B) 1011 1,06:26 UT, F336W filter, plume probably 
visible against the dark sky. (C) 10/11,06:44 UT, F336W filter, plume invisible against Jupiter. (D) 
1011 1,06:47 UT, F225W filter, plume visible against Jupiter. lo's limb, equator, and the location of 
the Pele vent are shown. In the insets, plume visibility is enhanced by subtraction of a mean radial 
lo profile. Images have been sharpened by Lucy-Richardson deconvolution. 

level thus determined on the assumption that 
scattered light contributed the same number of 
raw counts at all wavelengths. Scattered-light 
removal increased the depth of absorptions at 
short wavelengths. Spectra were then divided by 
an average Jupiter spectrum centered 0.35 arc 
sec from Pele. Although Jupiter's spectrum con- 
tains spatially variable NH, absorption in the 
200- to 220-nm region (9), there was little spa- 
tial variation of the Jupiter spectra in the image 
cube over 0.35 arc sec, so our plumelJupiter 
ratios are probably good approximations to the 
transmission spectrum of the plume. 

Strong absorption lines due to the B 3C.,- 
+ X '2,- band system of S, gas were 
conspicu&s in several STIS spectra (Fig. 2). 
SO, absorption was also probably seen, with 
much lower signal-to-noise ratio (SNR) in the 
same spectra (Fig. 3). Ratios of images in the 
absorption bands to those in the intervening 
continuum reveal that the S, distribution is 
precisely centered above the Pele vent, and a 
similar concentration is seen, with low SNR, 
for SO, (Fig. 4). 

We fitted the average of the three Pele spec- 
tra that showed the strongest S, absorption with 
isothermal models of S, and SO, gas absorp- 

tion (10). Our best-fit spectrum (Fig. 2) gives an 
S, column density of 1.0 2 0.2 X 1016 'cm-2 
and rotational temperature of 300 K. SO, abun- 
dances are more uncertain because of the low 
SNR (Fig. 3) and systematic uncertainties due 
to the grating-scattered light removal; we esti- 
mate an SO, column density of 7 2 3 X 1016 
cm-2 and a rotational temperature of 300 K 
(Fig. 3). Longward of 275 nm, S, and SO, both 
contribute to the spectrum; addition of SO, 
results in a lower best-fit temperature for the S, 
than for fits without SO, (Fig. 2). Both S, and 
SO, fits assume that the gas uniformly fills the 
three pixels that were averaged to create our 
"best" spectrum, and thus simplify what is un- 
doubtedly a complex temperature and density 
distribution within the plume. 

We believe that the SO, detection is proba- 
bly real, despite the low SNR, for four reasons. 
(i) SO, models match the overall slope of the 
Pele spectrum shortward of 230 nm, and many 
of the individual absorption bands (Fig. 3). (ii) 
The S, and SO, band/continuum ratio images 
(Fig. 4) show significant correlation. Although 
noise produces spurious dark pixels in Fig. 4B, 
of the 150 spectra closest to 10, the three most 
S,-rich spectra (darkest pixels in Fig. 4A) are 

among the eight darkest pixels in Fig. 4B. Mon- 
te Carlo simulations, which include an observed 
slightly higher noise level in the spectra closest 
to 10, show that such a correlation would occur 
by chance with a probability of only 4 X 
Also, the single darkest, most "SO2-rich," spec- 
trum in Fig. 4B is one of the three most s,-rich 
spectra. (iii) Addition of SO, improves the 
shape of the spectrum between the S, lines 
longward of 275 nm (Fig. 2). The absolute level 
of the spectrum beyond 290 nm is underestimat- 
ed by a few percent in the S,+SO, model, but 
this level is somewhat uncertain, depending on 
the accuracy of the correction for 10 contamina- 
tion. (iv) Similar local SO, concentrations have 
previously been inferred from spectroscopy of 
10: 9 X 1016 to 2 X 1018 cm-, above Loki [(II), 
reinterpreted by (12)l; 10'' to 10'' cm-2 (12); 
5 2.1 X 10'' cm-2 (13); and 3.25 X 1016 cm-2 
at Pele itself in 1996 (14). 

S, has been detected in only two other 
astronomical contexts: the near-nucleus co- 
mae of comets (15, 16) and the impact sites 
of comet Shoemaker-Levy 9 (SL-9) on Jupi- 
ter (17). Its rarity is due in part to its short 
lifetime against ultraviolet (UV) photodisso- 
ciation: 7.5 min at Earth's heliocentric dis- 
tance (IS), or 190 min at Jupiter. S, was seen 
at the SL-9 impact site 3 hours after impact, 
but was absent 22 days later (17). The 350- 
km height of the Pele plume implies, assum- 
ing ballistic trajectories, an ejection speed of 
1.03 km s-I and flight time of 24 min, much 
shorter than the photodissociation time scale. 

The presence of S, gas in 10's plumes is not 
unexpected; sulfur vapor has been proposed as 
driver for the Pele plume (It?), although the 
apparent dominance of SO, gas was not predict- 
ed. The relative abundance of the species S, s,, 
SO, and SO, can be used to infer temperatures 
and oxygen hgacities of the volcanic source 
region (19, 20). Our SO JS, ratio of 3 to 12 

Wavelength, nm Wavelength, nm 

Fig. 2 (left). Spectrum of the Pele plume ratioed to Jupiter (stepped stepped line) and after (heavy stepped line) correction for grating- 
line), compared with our best-fit S, + SO, gas absorption model scattered light. The smooth curves show models for SO, absorption 
(heavy curve, see text) and our best-fit S2-only model (light curve) with our estimated upper- and lower-abundance limits, 10 X 1016 and 
with column density 2 X 1016 cm-2 and temperature of 500 K. 4 x 1016 cm-2 of SO2 at 300 K. Model and data are smoothed to 
Spectra and models are binned to 0.28-nm resolution. Fig. 3 0.68-nm spectral resolution. Representative error bars show post- 
(right). Probable 50, absorption in the Pele plume before (light smoothing uncertainties due to photon statistics. 
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Table 1. Observation log. 

Time range Observation Instrument and Distance of Pele 
wavelength vent below limb 

Imaging against 
dark sky 

Spectroscopy 
against Jupiter 

Imaging against 
dark sky 

Imaging against 
Jupiter 

Fig. 4. Portion of the processed STIS image cube, 
showing the spatial distribution of S, (A) and SO, 
(B) absorption. The best-fit location of lo's limb, 
the equator, and the location of the Pele vent are 
shown. The images show the mean brightness in 
the individual S, or SO, absorption bands divided 
by the mean brightness at intervening continuum 
wavelengths; darker values imply stronger ab- 
sorption. The white pixels on lo's disk were not 
considered; more pixels were excluded from the 
SO, image because of the lower SNR. Projected 
pixel size is 290 km by 145 km. 

implies an oxygen fugacity near the quartz- 
fayalite-magnetite buffer if equilibrated with 
mafic magmas at 1400 K and 1- to 100-bar 
pressure, or near the wiistite-magnetite buffer if 
equilibrated with ultramafic magmas at 1800 K 
and similar pressures (19). Magma temperatures 
at Pele are known to reach at least 1370 K (21, 
22). The relatively oxidized condition of the gas 
confirms the conclusion of Zolotov and Fegley 
(19) that 10's interior is free of metallic iron near 
the surface. The measured gas abundance, in- 
ferred 24-min flight time of the gas from the 
vent to the surface, and plume radius of 350 krn 
give an equivalent resurfacing rate of 0.12 and 
0.8 mmlyear in the Pele plume deposits from S2 
and SO, gas, respectively (assuming a porous 
deposit with a density of 1 g cm-,), probably 
sufficient to explain albedo changes in the past 
2.5 years seen by Galileo (23). The observations 
explain the discrepancy between previous imag- 
ing and spectroscopic estimates of SO, abun- 
dance at Pele: 10ls crn-2 from imaging of Pele 
against 10's disk in 1993 (24) and 3.7 X 10'' 

cm-2 from Jupiter transit imaging in 1996 (3), 
versus 3 X 1016 cm-2 from spectroscopy 1 
week after the transit images (14). The 260- to 
280-nm extinction in the images was probably 
due to S,, as in October 1999, rather than SO,. 
The high transmission levels between the S2 and 
SO, bands (Fig. 2) show that dust cannot have 
been a significant source of extinction in the 
October 1999 plume. 

The discovery of S, also sheds light on the 
red color, perhaps due to S, and S, (25,26), of 
the Pele plume deposits and other diffuse red 
deposits seen elsewhere on 10. If S, is broken 
down by W photolysis shortly after deposi- 
tion, production of red S, and S, molecules by 
polymerization may occur. The presence of 
smaller diffuse red deposits near many other 
active 10 volcanoes (26) therefore suggests that 
S2 gas is a common product of volcanic activity 
on 10. A question that remains is the fate of the 
SO, gas that (at least during the HST observa- 
tions) appears to dominate over S2 in the Pele 
plume. The 350-nm albedo of the Pele plume 
deposits is low, roughly 0.06, whereas SO, 
frost has an albedo of about 0.5 at this wave- 
length (27). However, near-infrared (NIR) 
spectra show that the plume deposits contain 
abundant SO, frost (28), consistent with the 
apparent SO,-rich nature of the plume itself. A 
likely reconciliation of the reflectance data at 
the two wavelengths is that in the plume depos- 
its the SO, is intimately mixed with the S, and 
S4 (29). In the visible and near-UV the S, and 
S4 are darker and dominate the spectrum, while 
the volumetrically dominant SO, is apparent in 
the NIR, where it has discrete absorption bands 
whereas the sulfur allotropes are bright and 
bland. 
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