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The Pele plume (Io): Observations with the Hubble

Space Telescope
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Abstract. In July 1996, with the Hubble Space Tele-
scope (HST), we observed the Pele plume silhouetted
against Jupiter at a wavelength of 0.27um, the first
definitive observation of an Io plume from Earth. The
height, 420 £ 40 km, was greater than any plume ob-
served by Voyager. The plume had significantly smaller
optical depth at 0.34 and 0.41um, where it was not
detected. The wavelength dependence of the optical
depth can be matched by a plume either of fine dust,
with minimum mass of 1.2 x 10° g and maximum parti-
cle size of 0.08um, or of SO, gas with a column density
of 3.7 x 1017 cm~? and total mass of 1.1 x 101! g. Our
models suggest that early Voyager imaging estimates of
the minimum mass of the Loki plume [Collins, 1981]
may have been too large by a factor of ~ 100. We may
have detected the Pele plume in reflected sunlight, at
0.27pm, in July 1995, but did not see it 21 hours earlier,
so the plume may be capable of rapid changes.

1. The Pele Plume

Pele was unique among the nine volcanic eruption
plumes on Io discovered by Voyager [Strom et al., 1981].
It was the highest plume (300 km), the most optically
thin, and was the only one not active during both en-
counters. The Pele plume was not detected in Galileo
images in June, September, or November 1996, but was
seen in December 1996 [McEwen et al., 1997a). High-
temperature thermal emission from Pele has been seen
by Galileo’s SSI [Belton et al., 1996; McFEwen et al.,
1997b], and NIMS [Lopes-Gautier et al., 1997] instru-
ments whenever observations have been made.

2. HST Observations

We imaged Io with the Wide-Field Planetary Camera
2 (WFPC2) on HST in July 1995 and July 1996 (Table
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1). Image resolution was improved by Lucy-Richardson
deconvolution.

A single F255W image taken on July 8 1995 shows
a bright patch against dark sky off Io’s limb in (Fig-
ure 1). The image is noisy, but the perfect alignment
of the bright patch with the expected location of Pele,
and the lack of similar features off Io’s limb elsewhere
in this and other F255W frames, gives us some confi-
dence that this is the Pele plume. The plume is about
20 DN above background sky brightness, corresponding
to an I/F value (the brightness ratioed to a normally-
illuminated Lambert surface) of 0.004. This is similar
to average 0.35um Pele plume I/F values seen by Voy-
ager 1 [Strom et al., 1981, Figure 2]. No plume was seen
in 0.373 pm images taken 20 minutes earlier.

An F255W image taken on July 7, when Pele should
have appeared on the opposite limb, does not show the
plume (Figure 1). Either the July 8 detection, or the
July 7 non-detection, is spurious, or the plume switched
on in the 21 hours between the frames. During the
Voyager 1 encounter the Pele plume was active for at
least 9 days, but these data suggest that more rapid
variations are possible.

The Pele plume was definitely seen in three F255W
images taken in Jupiter transit in July 1996 (Figure 1).
The plume appears dark against Jupiter. Subsequent
F336W and F410M images do not show the plume,
though it was further from the limb when these images
were taken (Table I). Partial saturation of Jupiter in the
F336W image reduces the precision of measurements in
this filter.

3. 1996 Plume Size and Density

To model the transit images, we ignore backscattered
sunlight from the plume. This is justified if the plume
activity level was similar on July 24 1996 and July 8
1995: the DN deficit in the plume in the July 1996
images, compared to the Jupiter background, is about
320 DN, compared to the 20 DN brightness of the July
1995 plume images. Also, modeling discussed below
suggests that for dust or gas plume models that fit the
transit observations, reflected sunlight is faint compared
to absorbed or scattered Jupiter-light.

We modeled the plume as a uniform half-disk cen-
tered on the Pele vent (18 S, 256 W), including only
that portion that would protrude above Io’s limb. This
model plume was smoothed by a 0.07 arcsec boxcar fil-
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Table 1. Details of HST images

Sub-Earth

UT HST Filter Effective Exp- — "~ """  Solar
UuT Mid Filter Wavelength  Wavelength, osure w. Phase A R H

Date Time  Name Range, pm pm (s) Lat. Long. Angle (AU) (AU) (km)
95/07/07 14:01 F255W  0.257-0.291 0.272 600 -2.9 3455 6.8 4.494 5.328 1.2
95/07/08 10:53 F255W  0.257-0.291 0.272 600 -2.9 1624 7.0 4.503 5.328 2.8
96/07/24 19:12 F255W  0.257-0.291 0.272 600 -1.8 1719 4.2 4.239 5.196 8.1
96/07/24 19:24 F255W  0.257-0.291 0.272 500 -1.8 173.7 4.2 4.239  5.196 13.9
96/07/24 20:45 F255W  0.257-0.291 0.272 500 -1.8 185.1 4.2 4.240 5.196 87.4
96/07/24 20:53 F336W  0.315-0.358 0.340 23 -1.8 186.2 4.2 4.240 5.196 97.8
96/07/24 20:59 F410M  0.400-0.417 0.409 10 -1.8 1871 4.2 4.240 5.196 106.6

Comments: Filter wavelength range is between filter transmission half power points, after weighting by the solar
spectrum. Effective wavelength is also weighted by the solar spectrum. H is the projected distance between the Pele
plume source and Io’s limb: this much of the bottom of the plume is hidden.

a5/07 /08, 10:53 uT 96/07/24, 19:18 UT ter, and was then added to each HST image. Model
size and brightness was adjusted to exactly remove the
(negative) plume image. The model plume brightness
was then translated into an optical depth by comparison
with the brightness of the Jupiter background (Table 2).

Although the plume was further from the limb when
the F410M image was taken, it should have been de-
tected had it been as large and optically thick at this
wavelength as in the F255W filter (Table 2). The plume
height, 420+ 40 km, makes this the largest plume ever
seen on Io. December 1996 Galileo images show a Pele
plume of similar height [McEwen et al., 1997a].

95/07/07, 14:01 UT

ma -‘-“‘ﬂ

96/07/24, 20:44 UT

4. Models: Dust Scattering

96/07 /24, 20:44 UT .
Voyager 1 observations of the Pele plume at wave-

lengths > 0.35um, show a neutral color. However, the
Voyager 1 outer Loki plume was blue in the 0.35-0.6um
wavelength range, while the inner Loki plume was red
[Collins, 1981]. Collins attributed the blue color of
the outer Loki plume to scattering by particles much
smaller than the wavelength of light, and this may also
explain the HST color of the Pele plume.

Figure 1. Detections, probable detections, and non-
detections of the Pele plume in HST WFPC2 images.
All are in the F255W filter except where noted. Io’s
limb, equator, and the expected location of the Pele

source are shown in all frames. The plume is proba-
bly seen against dark sky on 95/07/08, at F255W: the

Table 2. Plume optical depths, July 1996

arrows note imperfectly removed cosmic rays. How- Sub-Earth Pele Plume
ever, it is not seen in 95/07/07 F255W images taken 21 W. H, Optical Radius
hours earlier. The 1996 images have Jupiter in the back-  Fijjter Long. km Depth km
ground, and most are shown in both “raw” format and

with plume visibility enhanced by ratioing each image F255W 172.8* 1.0 0.1940.05 420440
to a transposed and registered copy of itself: the plume porew 185.1 874  0.1740.07  440+80
is then visible as both a positive image (dark spot off pa3aw 186.2 97.8 <0.15 .
the limb) and negative image (bright spot off the limb). g410Mm 187.1 106.6 20.06 _

The Pele plume is seen in silhouette against Jupiter in
the F255W images (the image labeled “19:18 UT” is an
average of the 19:12 and 19:24 UT images), but not in Comments: H is defined as in Table 1
the F336W or F410M images. 2 Average of first two 97/07/24 frames.
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Figure 2. Observations of the July 1996 Pele plume
optical depth, compared to dust scattering models de-
scribed in the text. The oscillations in the Mie curves
are due to our assumption of a single particle size in each
model. Horizontal bars show the wavelength range of
each filter (Table II), and vertical error bars show the
uncertaintly in the observed optical depth. The two
longer wavelength observations are upper limits. Parti-
cle radii < 0.08m are required to match the observa-
tions.

We modeled the plume as a 420 km radius cloud
of spherical particles with uniform projected optical
depth, using Mie theory [Bohren and Huffman, 1983,
Appendix A], and assuming the sulfur real refractive
index of 1.957. For relevant particle sizes, the value of
the complex refractive index is unimportant. We de-
termined the amount of direct Jupiter light scattered
out of the beam, the amount of Jupiter light scattered
into the beam from other parts of the planet (which was
negligible), and the amount of light added to the plume
image by backscattered sunlight.

The HST plume color requires particles with radius
r < 0.08um (Figure 2). The plume mass m needed to
match the F255W optical depth increases with decreas-
ing particle size, because smaller particles are much less
efficient scatterers. For r = 0.07um, m = 1.2540.3x10°
g. Particles with » = 0.05 — 0.08um are poor backscat-
terers, and the backscattered sunlight added to the
plume is only 10-20% of the scattered Jupiter light
lost from it in the F255W filter, consistent with the
plume’s dark appearance and justifying our neglect of
backscattered sunlight in deriving optical depths. Par-
ticles smaller than 0.02 um scatter too isotropically to
be consistent with the observed darkness of the plume.

Application of the Mie scattering model to the ten-
tative July 8 1995 observation of Pele in backscattered
sunlight, assuming the same plume radius as the 1996
observations, gives m = 6 x 108 g for » = 0.07pm, about
half the July 1996 mass.

Collins [1981] used a Rayleigh-like particle scatter-
ing law, valid only for » < 0.01xm, to model the Voy-
ager images of the Loki plume. He derived m > 10! g
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for the outer part of the plume, for » < 0.01uym. Our
Mie scattering code, approximating the Loki plume as
a uniform hemisphere with a 0.34um I/F of 0.03 and
radius of 200 km, gives a plume mass of 9.3 x 101° g for
r = 0.01pm, confirming Collins’ result. However, the
Mie code can also match the color and brightness of the
outer Loki plume with » = 0.05um and m = 1.1 x 10°
g, comparable to our minimum dust mass for Pele. The
Loki plume may therefore be much less massive than
deduced by Collins, if r is larger than he assumed.

5. Models: SO, Gas Absorption

The extinction of Jupiter light by the Pele plume in
the F255W filter image may also be explained by the
presence of SOy gas, which would make Pele a “stealth
plume” [Johnson et al., 1995]. SO, gas absorption
[Mannatt and Lane, 1993] is much more efficient in the
F255W filter than at longer wavelengths. The SO, ab-
sorption cross-section ¢ in the F255W filter bandpass,
weighted by the spectrum of reflected light from Jupiter
(Mark Vincent, pers. comm.), is &% 5 x 1071% ¢m?, As-
suming SO, absorption is in the linear regime [Ballester
et al., 1994], the observed optical depth of 0.19 gives a
column abundance N a 3.7 x 1017 cm~2. This value is
approximate, because the Manatt and Lane SO, spec-
trum is at 300 K, and has relatively low spectral resolu-
tion. This amount of gas would not produce detectable
absorption in the F336W and F410M filters.

Our inferred SO, abundance is comparable to other
estimates of local SO, abundance on Io. The darkness
of Io’s disk near Pele in 0.2-0.3um HST images sug-
gested N = 108 cm=2 [Sartoretti et al., 1996], depen-
dent on assumptions about the surface albedo. Voyager
infrared spectra gave N = 5 x 10'® cm~2 over Loki
[Pearl et al., 1979]. HST spectroscopy detected SO,
absorption localized above Pele in early August 1998,
shortly after our Jupiter transit observations (McGrath
et al., pers. comm.), supporting the SO; model for our
observations but not ruling out the presence of dust in
addition.

The total mass of gas over Pele derived from our 1996
observations, if the exinction is due to SOs, is 1.1 x 1011
g, about 100 times the minimum mass of dust required
to explain the same observations. Rayleigh scattering
is negiligible for these gas abundances [Collins, 1981],
as is refraction.

6. Resurfacing Rates

Using a ballistic approximation, a 420 km plume al-
titude requires a launch speed of 1.1 km/s (43% of Io’s
escape velocity, but physically plausible [Keiffer, 1982]),
and a flight time of 1630 sec, including the reduction in
gravity with altitude. With a plume dust mass of 10°
g, a 420 km radius fallout area, and a particle density
of 1 g/cm?, this gives a minimum resurfacing rate of
3.56x10~2 cm/yr, equivalent to a global rate of 4.6 x 105
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cm/yr. Johnson et al. [1979] estimated a global plume
resurfacing rate of 3.5 X 10~* cm/yr). The much larger
global plume resurfacing rates of ~ 1072 — 1 cm/yr esti-
mated by [Johnson and Soderblom, 1982] resulted from
the high Loki plume mass determined by [Collins, 1981],
and may thus be too large.

Our minimum July 1996 Pele dust resurfacing rate
gives only 10 microns of deposition in the four months
between Voyager 1 and Voyager 2, probably insufficient
to produce the major albedo changes seen at Pele in
that interval, Either the plume is much more massive
than our lower limit, due to a large population of par-
ticles larger or smaller than 0.07pm, or to a large gas
content, or it was much more imassive during the Voy-
ager era.

If the observed plume is due to SO2 gas, simple scal-
ing from the dust calculation gives a large local SO,
deposition rate of 0.39 cm/yr. The Pele ejecta deposits,
however, appear to be poor in SO frost [McEwen et al.,
1988]. If the plume we see is due to SOz, the ultimate
fate of that SO, is an interesting question: perhaps it
flows horizontally to high-albedo cold traps elsewhere
[Ingersoll, 1989].

7. Conclusions

These observations show that the largest of Io’s plumes
can be detected from Earth, opening up a new avenue
for study of these remarkable phenomena. The 1996
transit observations may be due to dust or gas, but the
tentative 1995 observations of the plume in backscat-
tered sunlight would require a dust component. If the
plume is due to gas, the F255W Jupiter transit images
in Figure 1 provide dramatic visual confirmation of the
patchy-atmosphere model derived from theoretical and
observational considerations [Ingersoll, 1989; Lellouch
et al, 1992; Ballester et al., 1994; Sartoretti et al., 1996],
by directly imaging a large, volcanically-derived atmo-
spheric “patch” over Pele. If the 1995 observations in
backscattered sunlight are real, they provide evidence
for very rapid time variations in the Pele plume.
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