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Fig. 4. NIMS obtained data over Cu-
lann Patera during the 125 flyby. A
SO, relative band depth map (9) is
shown over an SSI image acquired in
July 1999. NIMS data show en-
hanced concentrations of SO, coin-
ciding with deposits that are pink to
red in visible wavelengths. Spatial
resolution is 11 km/pixel (22), and
the SSI image is 340 km across. The
color scale is the same as in Fig. 3C.

S, solid nuclei on which SO, condenses.
Alternatively, boiling liquid SO, with short-
chain S or other coloring agents dissolved in
it may reach the surface from below and
freeze before complete sublimation. The dif-
fuse appearance of the red deposits may arise
from the entrainment of liquid droplets with
escaping gases.
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Prometheus: lo’s Wandering
Plume

Susan W. Kieffer'*, Rosaly Lopes-Gautier,” Alfred McEwen,?
William Smythe,? Laszlo Keszthelyi,? Robert Carlson*

Unlike any volcanic behavior ever observed on Earth, the plume from
Prometheus on lo has wandered 75 to 95 kilometers west over the last 20 years
since it was first discovered by Voyager and more recently observed by Galileo.
Despite the source motion, the geometric and optical properties of the plume
have remained constant. We propose that this can be explained by vaporization
of a sulfur dioxide and/or sulfur "snowfield” over which a lava flow is moving.
Eruption of a boundary-layer slurry through a rootless conduit with sonic
conditions at the intake of the melted snow can account for the constancy of

plume properties.

Of the many remarkable phenomena on Io,
one of the most intriguing is the wandering of
some of the large plumes, the so-called
“Prometheus-type plumes” (/-3). A new
dark feature, interpreted to be a lava flow,
connects the Voyager-era and Galileo-era
plume sources. During the past 4 years, the
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lava has apparently been building up on top
of itself rather than advancing farther west,
because a large lava delta is the most pro-
nounced feature on the west end, and the
position of the plume within this area has not
changed, nor have its geometric and optical
properties. Material around, and presumably
under, the lava flow consists of bright plains,
which are interpreted to be a snowfield (4) of
SO, and/or S. Such a steady, continuous dis-
charge of material over such a long period of
time is unlike that ever seen at terrestrial
volcanoes.

It had been assumed by most researchers
that the gas required to drive the plumes on lo
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was released from stationary conduits, where
magma or a sulfur, sulfur-dioxide, or magma
mixture reaches the surface. However, migra-
tion of some plumes and the new high-reso-
lution thermal and imaging data suggest the
possibility that some of the plumes are dis-
connected from the location where the mag-
ma reaches the surface (/, 2). Here we model
a system for generating Prometheus-style
wandering plumes.

The physical model. We postulate that the
source of the Prometheus plume is a rootless
conduit in the lava flow near the flow front (Fig.
1). Such conduits produce cones and craters on

Rootless conduit

Flows toward
conduit

Solid SO,, S, silicates?

Fig. 1. Schematic illustration of the develop-
ment of a Prometheus-style conduit and plume.
S, solid phase; L, liquid; V, vapor. (A) Conditions
within minutes after a lava flow covers a snow-
field; see text for time and space scales. (B)
Initiation of movement of boundary-layer slur-
ry toward the conduit. (C) Steady state in
which feeding of the conduit effectively keeps
the base of the lava flow at the liquidus tem-
perature of SO, or S. As the boundary-layer
slurry rises in the conduit, it vaporizes and
accelerates into the plume.
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Earth, variously called pseudocraters, rootless
cones, or littoral cones (5). These are best doc-
umented in Iceland and Hawaii (6—9). Rootless
cones form by explosive interaction between
molten lava and surface, or near-surface, water.
Physical mixing of lava and water results in
high rates of heat transfer, and the thermal
energy of the lava is converted into mechanical
energy of explosive vaporization (10, 11).

Observations of the Prometheus lava flows
indicate that they are between 1 and 100 m
thick (12). We will assume 30 m for the thick-
ness of the lava flow for our model. The ambi-
ent surface pressure on lo is ~107!! MPa,
approximately the vapor pressure of SO, at 130
K. The ambient surface pressure increases if a
lava flow covers the surface. For a 30-m thick
flow, the basal pressure is ~0.1 MPa if the
density is assumed to be ~2200 kg m~3 (13).
The melting point of SO, at 0.1 MPa pressure is
266 K; for S, 393 K. Parameters required for the
thermal modeling are density (p), heat capacity
(¢), thermal conductivity (K), and thermal dif-
fusivity (x = K/pc) for SO,, S, and the lava
14).

A temperature-entropy (7-S) phase dia-
gram (15, 16) is useful for describing the
thermal history of dynamic events such as
that proposed here. We discuss SO, (Fig. 2)
and S (Fig. 3) as the most probable dominant
volatile phases in the snowfield. However,
our conclusions should be qualitatively valid
for other low-temperature volatile com-
pounds, because we propose below that the
major processes occur when the volatiles
reach temperatures of several hundred kelvin,
where most volatile compounds have their
triple point temperatures.

Before being disrupted by the incursion
of a lava flow, the snowfield is at the

solid-vapor equilibrium point A, at 107!
MPa (all references apply to both Figs. 2
and 3). The imposition of 0.1 MPa pressure
on this snowfield by lava flow coverage
would result in an excursion to the left to
the 0.1 MPa isobar. If one assumes that the
pressure remains constant during the heat-
ing, then the thermodynamic path will fol-
low the 0.1 MPa isobar. Thickening of the
lava flow by as much as an order of mag-
nitude will not significantly change the
conclusions because of the close proximity
of the isobars on the 7-S diagram.

As heating occurs over any given area
near the surface of the snowfield, the volatile
phases will remain solid until they reach tem-

‘peratures at the triple point (path AB). With

continued heating, the snowfield heats
through the solid + liquid field (path BC).
The volatiles will then further heat as a liquid
(path CD) until they enter the liquid + vapor
field (at point D). If the enthalpy of vapor-
ization is available and if the snowfield ma-
terial does not move (we show below that it
probably does migrate at this point), the vol-
atile phases can convert, partially or totally,
to the vapor phase (path DE) and, after va-
porization, will follow the 0.1 MPa isobar in
the vapor field (path EF). The paths ABC-
DEF in Figs. 2 and 3 represent implicitly the
time history of SO, or S near the interface
with the lava flow.

Lava flow cooling and snowfield heat-
ing. In order to estimate the time scales for
heating and cooling of the two materials,
consider two models that bracket possible
thermal interactions between lava and
snowfields: a strictly conductive model and
an advective (ablation-based) model that
broadly accounts for massive fluid move-
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Fig. 2. Temperature-entropy phase diagram for SO,, adapted from Smith et al. (75) Roman
numerals | to V refer to possible volcanic eruption conditions described in Kieffer (76). In the solid
region of the phase diagram, near point A, the isobars are so crowded together that they cannot

be shown at this scale.
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ment from the heated interface between the
lava flow and the snowfield.

If all heat transport was by simple heat
conduction, the lava and snowfield can be
represented as infinite half spaces brought
into contact at ¢ = 0. One half-space repre-
sents the lava flow, assumed to be at 2000 K;
the other half-space represents the snowfield
at 130 K. The governing equations for this
problem and its solutions are well known
(17). The calculations show that SO, at ~10
cm depth can become a supercritical vapor
(path ABCDE in Fig. 2) within ~80 min.
Within 200 min, ~30 cm of the snowfield
can be turned into liquid or vapor. On a
longer time scale, if the heat transfer rate is
constant, this melting rate is 785 m year .
The time scales would be somewhat longer
for S, because the critical point is at much
higher temperatures, but, as discussed below,
we do not believe that the volatiles remain on
the 0.1 MPa isobar once liquid conditions
have been reached (266 K for SO, and 393
for S).

Meanwhile, at the base of the lava flow, a
rigid crust forms at ~1450 K. Within 10 min,
~5 cm of crust has formed; within ~200
min, ~22 c¢cm of crust has formed. Thus, the
boundaries of the liquid + vapor field in SO,
and the thickening crust grow nearly symmet-
rically with time.

According to this conductive model, the
lava flow snowfield would develop a layered
stratigraphy (Fig. 1A), consisting of hot, possi-
bly supercritical fluid, as well as various mix-
tures of vapor, liquid, and solid phases. How-
ever, such a stratigraphy is highly unstable be-
cause of the buoyancy of the volatiles and the
differential densities of the layers of liquid and
vapor. The layers at the boundary would mix
rapidly, producing a complex fluid mixture that
we call the “boundary-layer slurry.”

Given the instability of the crust over

Fig. 3. Temperature-entropy
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moving, tube-fed pahoehoe flows, a conduit
inevitably opens to the surface, and the pro-
cess becomes dynamic, rather than static, as
modeled thus far. Once a conduit is formed,
material from the boundary-layer slurry flows
down the pressure gradient toward the con-
duit (Fig. 1B) to feed an eruption plume (Fig.
1C). In this lateral motion, removal of the
boundary-layer slurry will expose colder and
colder snowfield material to the lava flow.
Erosion of any of the basal crust of the lava
would also expose warmer lava continuously
to the snowfield. We conclude that the melt-
ing and vaporization rates calculated above
(~30 c¢m in 200 min or 785 m year™!) rep-
resent minimum vaporization rates.

As an approximation to this very dynamic
situation, consider a model in which any
boundary-layer slurry formed is removed by
lateral flow and eruption so rapidly that the
interface between the snowfield and the base
of the lava flow is kept at the liquidus tem-
perature of the SO, (266 K), or S (393 K)
(Fig. 1C). A solution to this problem is ob-
tained by transforming the static coordinate
system used in the conductive model above
into a coordinate system on the (moving)
snow-melt boundary that is working its way
down into the snowfield at a velocity U (14,
p. 292). U can be determined from the re-
quirement that the flux, F, of heat flowing
into the boundary from the lava flow is used
to heat the snow up to melting temperature
and to melt it

U = FI(H*p) (1)

The enthalpy, H, required to heat SO, from
130 K and to melt it totally at 197 K , is 195
J g7!. The flux can be estimated from the
assumed thermal conductivity and an as-
sumed thermal gradient. Using the thermal
conductivity model (22 c¢cm of crust in 200
min) and a temperature gradient of 1600 —

cp 1313°,116 bars

phase diagram for S, adapted 1000 T T l
from Kieffer (76), with cor- i
rection made to units on the 900 | Sultur c."-"}d' -
entropy axis. Discussion of RN
Fig. 2 applies. 800 - iV—
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266 = 1334 K, a basal thermal gradient of
6060 K m~! is obtained. The basal flux F is
then ~20 X 10> W m~2. From Eq. 1, the
calculated melting rate of the SO, ice to
liquid would be 6.4 X 107> ms™!, 5.5 m
day™!, or 2.0 km year™'.

These models are simple extremes and
include a number of assumptions, most of
which suggest that these numbers represent
upper limits on the vertical melting rate into
the snowfield. Nevertheless, it seems reason-
able to assume that vertical melting under the
lava flow should be on the order of a kilome-
ter per year.

Constancy of mass flux. The most chal-
lenging problem is to explain how the plume
from Prometheus has maintained constant
geometrical and optical properties, because
this observation implies that the mass flux
from the conduit must have remained con-
stant over nearly 20 years. Mass flux through
a circular cross section is given by

M= p"‘u"‘1Tr"‘2

(2)

In this equation, p*, u*, and r* are the den-
sity, vertical velocity, and radius, respective-
ly, at the narrowest point of the conduit,
typically the base, because acceleration of
the flow tends to widen the conduit toward
the top. Either all variables on the left side
of the equation remain constant, or they must
compensate in a way that keeps the mass flux,
M, constant for 20 years. The simplest assump-
tion is that each variable itself remains relative-
ly constant as the lava flows along over the
snowfield, a reasonable assumption for a very
long lava flow. To justify this assumption, we
analyze the dependence of each of the variables
on planetary, lava, and boundary-layer slurry
properties.

As the boundary-layer slurry accelerates
from slow Darcy-like flow around the base of
the conduit up the conduit and into the atmo-
sphere, it passes through sonic and into su-
personic conditions because of the large pres-
sure gradient (~11 orders of magnitude)
(15). A consequence of this condition is that
flow properties are determined at the narrow-
est point in the conduit, denoted by * in Eq. 2.
The flow velocity, u*, will be equal to the
sound speed, c*, at the narrowest point in the
conduit.

Conduit radius, r*, is relatively constant
because it depends strongly on parameters
that do not change at all (planetary gravity),
or change relatively little for long lava flows
(yield strength, density contrast between the
lava and the underlying flowing slurry, and—
weakly in some cases—on flow thickness).
In their classic 1981 paper (/8), Wilson and
Head demonstrated that there are two possi-
ble limiting constraints on the radii of con-
duits that permit magma to reach the surface
[equation 20 and equation 24 in (/8)]. In our
model, the conduit radius is controlled by a

www.sciencemag.org



constraint on the yield strength of the bound-
ary-layer slurry [equation 20 in (/&)] and
depends only on a geometric constant, the
yield strength, planetary gravity, and the dif-
ferential density between the lava flow and
the boundary-layer slurry. The radius is inde-
pendent of the thickness of the lava flow, a
fact that would work favorably toward keep-
ing conduit radius constant as the flow travels
long distances or as it forms a pond in the
western delta.

The yield strength of a water-saturated
slurry at the base of Antarctic ice streams,
which may be the most relevant material to
compare with our boundary-layer slurry, is
~1to5 X 103 N m~2 (19). We assume that
the density of the boundary-layer slurry is
close to the density of the SO, liquid, 1600 kg
m™3, because we are assuming that as soon as
the liquid forms, it migrates toward the con-
duit. Although some vapor bubbles may form
(see below), it is unlikely that there will be
sufficient vaporization at the base of the con-
duit to cause a large density change. The
results from equation 20 in (/8) are shown in
Table 1. Because this theory is an order-of-
magnitude theory and because we expect
conduit diameters on the “large” size on Io,
we will take a conduit radius of 10 m for
further calculations.

The next challenge is to demonstrate that
p* and u* = c* will be relatively constant. As
the liquid-dominated slurry moves toward the
conduit, it will move into a lower-pressure
environment. At some point along this migra-
tion path, bubbles of vapor will form. From
the perspective of the 7-S diagrams (Figs. 2
and 3), the fluid departs from the 0.1 MPa
isobar toward lower pressures between points
C and D (1073 to 10~ MPa for SO, and S,
respectively). The lever rule, applied to any
isobar, gives the vapor mass fraction, which
is very small because the fluid is on the
low-entropy side of the phase diagram (15).
In this case, the density of the fluid remains
close to the density of the liquid phase and it
is appropriate to take p* ~ p ~ constant.

However, the compressibility of this lig-
uid-bubble mixture is that of the nucleated
vapor phase. This combination of high den-
sity with high compressibility leads to a fluid
with very low sound speeds, c*, typically
~10 m s~ . If more vapor bubbles form, the
density decreases, but the sound speed in-
creases, and so there is a built-in compensa-
tory effect in the product p*c*. Thus, with p*,
r*, and u* = ¢* all approximately constant,
the mass flux from the eruption remains con-
stant with time.

Systems controlled by sonic conditions
such as these are called “choked systems,”
and they provide among the best physical
conditions for maintaining constant mass
fluxes. Therefore, under conditions that are
not physically unrealistic, mass fluxes from a
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Table 1. Values of conduit radius for various slurry
yield strengths by using equation 20 in (78).

Yield strength (N - m~2) Radius (m)
1,000 1.85
5,000 9.3
10,000 18.5

rootless conduit can remain constant even
though the conduit position may change as
the lava flow moves.

For a conduit of radius 10 m, a boundary-
layer slurry density of 1600 kg m~3, and a
sound speed of 10 m s™!, the calculated mass
flux through the conduit is ~5 X 106 kgs™!,
corresponding to a volume flux ~3 X 10°> m?
s~ !. These fluxes are in the middle range of
common terrestrial eruption rates and are in
line with estimates published from measure-
ments of the plumes. Johnson and Soderblom
(20) estimate that the mass flux from
Prometheus is >4 X 10° kg s~!; Wilson and
Head (21) estimated a mass flux of 107 kg
s~ ! or volume flux of 7000 m® s~!; James
and Wilson later said that this may be an
overestimate (22). Thus, our calculated val-
ues are in good agreement with those estimat-
ed from spacecraft observations.

The vaporizing snowfield within the area
at the base of the conduit cannot, by itself,
provide the required flux, because the sonic
velocities (~10 m s™1) are greater than the
meltdown rate (~1 X 1075 m s™!). The mass
flux per unit area out of the conduit is ~2 X
10* kg m~2 s~ !, whereas the melting supply
rate is ~2 X 1072 kg m~2 s~ !, This implies
that the conduit must draw down from an
additional area that is the ratio of these two
numbers, of approximately 10° m? (1 km?)
corresponding to a circular area of 560-m
radius.

Prometheus: Wandering or bound? Vol-
canoes named after legendary figures, as are the
volcanoes on o, may not always behave as their
legendary counterparts—the Prometheus of leg-
end was bound to a stake, whereas Prometheus
on Jo has not been bound by any physical or
mythological constraints. Although we have
never seen this type of behavior on Earth, our
theory is consistent with a number of character-
istics of cones and craters over rootless conduits
on Earth (6—9). Major similarities are (i) asso-
ciation of rootless conduits with pahoehoe
lava-flows fed by tubes; (ii) similar crater floor
radii as can best be defined, including planetary
scaling effects; and (iii) use of energy drawn
from a magma rapidly transferring its heat to
drive the volatiles into expansion (10, 11).

Several significant differences that must
be explained are as follows: (i) analogous
eruptions on Earth typically do not have pre-
cisely balanced amounts of heat and volatiles,
so that they are pulsating in nature, taking
seconds to minutes to recharge one or the

other of the resources; (ii) eruptions on Earth
usually have clusters of cones and conduits
instead of a single conduit; and (iii) eruptions
on Earth do not continue for 20 years.

The first difference could be explained sim-
ply by lack of spacecraft observations on the
time scales required to see pulsating recharge.
Short periodic shutdowns cannot be ruled out
from the few spacecraft observations available.
These shutdowns would be accompanied by
waxing and waning stages in which the sonic
velocity constraints are released. It is possible
that some information about this process is
stored in the finite width of the ring deposits
around Prometheus—that is, the distances be-
tween the proximal and distal deposits may
contain information about velocity variations
during the eruptions. However, long-term shut-
downs of Prometheus are ruled out by the ob-
servations over the past 20 years.

The second difference between a pre-
sumed single conduit on Io and clusters of
cones on Earth is more difficult to explain.
On Earth, time-transgressive explosion cen-
ters are established, with each center remain-
ing active as long as (i) the lava tubes are able
to deliver fresh lava and (ii) enough water
exists at the site of the interaction. Thus,
although terrestrial conduits occur in clusters
spatially, they form individually at different
times. A single conduit will be stable as long
as the supplies of magma and volatiles are
available, and then the lava will move to a
new location where water supplies are favor-
able, producing the time-transgressive behav-
ior observed on earth. Although small excur-
sions of the conduit at Prometheus cannot be
ruled out, nor can the existence of smaller
cones around the conduit, it appears that there
are sufficient magma and volatiles around
Prometheus to keep one conduit stable for
years. This process may be facilitated by the
fact that liquid SO, has a very low viscosity
and could thus migrate in from relatively
large distances.

From this model, we can outline some
possibilities for the future of Prometheus.
The plume can remain where it is for as long
as the lava and melted snowfield supplies are
maintained. It is possible that in 1979 the lava
flow was at a higher elevation on the slopes
of the caldera and has flowed downhill into a
preexisting low topographic feature. In this
case, Prometheus may remain where it is until
the lava overflows this feature, as appears to
have been the case for the past ~3 years, and
then move on. On the other hand, the heat
from the lava may create its own depression
by melting down the snowfield. In this case,
Prometheus may cease wandering and erupt-
ing when the base of the snowfield is reached
and not reappear until lava has found a new
snowfield. By its own thermodynamics,
Prometheus the wanderer may become
Prometheus bound.
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Discovery of Gaseous S, in lo’s
Pele Plume

John R. Spencer,’* Kandis Lea Jessup,2 Melissa A. McGrath,?
Gilda E. Ballester,2 Roger Yelle*

Spectroscopy of lo's Pele plume against Jupiter by the Hubble Space Telescope
in October 1999 revealed absorption due to S, gas, with a column density of
1.0 £ 0.2 X 107 per square centimeter, and probably also SO, gas with a
column density of 7 = 3 X 107® per square centimeter. This SO,/S, ratio (3
to 12) is expected from equilibration with silicate magmas near the quartz-
fayalite-magnetite or wiistite-magnetite buffers. Condensed S, and S, prob-
able coloring agents in Pele’s red plume deposits, may form by polymerization
of the S,, which is unstable to ultraviolet photolysis. Diffuse red deposits near
other lo volcanoes suggest that venting and polymerization of S, gas is a

widespread feature of lo volcanism.

Io’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 (/). 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 Io
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 fine-grained dust scattering or SO, gas
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, which flew within 611
km of lo, and within 1300 km 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 291, 315
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 lo) 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 Io 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, confirming 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-lo spectra are contaminated by the spec-
trum of Io’s disk owing to the finite STIS pixel
size and the HST point-spread function. To cor-
rect for this and establish the continuum level
for the spectra, we combined the five STIS
long-slit spectra into an image cube and fit lo’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 Io’s disk, and
removed this contribution using an average lo
spectrum taken from the regions of Io furthest
from the limb. Grating-scattered light becomes
significant at wavelengths below 240 nm and
dominates the signal below 210 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 (&), and subtracted the scattered light
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