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Abstract

Volcanic plumes on Jupiter’s moon lo are modeled using the direct simulation Monte Carlo (DSMC) method. The modeled volcanic vent
is interpreted as a “virtual” vent. A parametric study of the “virtual” vent gas temperature and velocity is performed to constrain the gas
properties at the vent by observab) particularly the plume heighind the surrounding condsate deposition ring radius. Also, the flow

of refractory nano-size particulates entrained in the gas is modeled with “overlay” techniques which assume that the background gas flow
is not altered by the particulates. The column density along the tangential line-of-sight and the shadow cast by the plume are calculated
and compared with Voyager and Galileo images. The parametric study indicates that it is possible to obtain a unique solution for the vent
temperature and velocity for a large plume like Pele. However, for a small Prometheus-type plume, several different possible combinations of
vent temperature and velocity result in both the same shock height and peak deposition ring radius. Pele and Prometheus plume particulate

are examined in detail. Encouraging matchith observations are obtained for each plume &gying both the gas and particle parameters.

The calculated tangential gas column density of Pele agrees with that obtained from HST observations. An upper limit on the size of particles

that track the gas flow well is found to be 10 nm, consistent with Voyager observations of Loki. While it is certainly possible for the
plumes to contain refractory dust or pyroclastic particles, especially in the vent vicinity, we find that the conditions are favorabje for SO
condensation into particles away from the veitinity for Prometheus. The shadow cagtBrometheus as seen in Galileo images is also
reproduced by our simulation. A time averaged frost deposition profile is calculated for Prometheus in an effort to explain the multiple ring
structure observed annd the source region. However, this multiple ring struetmay be better explained by the calculated deposition of
entrained particles. The pos#ity of forming a dust cloud on lo is exmined and, based on a lack of amgls observed duds, a subsolar

frost temperature of less than 118 K is suggested.

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction substantially to the overall atmosphere. Recently, we com-
pared the vertical column density of $@om modeled
Our understanding of lo’s atmosphere has improved sub- day/night side Pele-type plumes and an undisturbed subli-
stantially due to recent observations and theoretical analy-mation atmosphere, and found that plume atmospheres play
ses. The importance of the role of volcanoes in generatinga role as concentrated perturbations of the sublimation at-
and maintaining lo's S@atmosphere has been emphasized. mosphere near the plume axis. An observation spatial res-
Strobel and Wolven (200Xpund that only eight Pele-type  olution better than 30 km is needed to detect the maxi-
volcanoes would be needed to account for the &8Gun-  mum column density near the plume axis within a subli-
dance inferred from reflected solar Lymarintensity data. mation atmospheréZhang et al., 2003a)Thus, a smooth
Thus, they suggested that, in addition to a sublimation at- SO, distribution based on a lower spatial resolution ob-
mosphere, volcanic plume atmospheres may also contributeservations should not be taken as the evidence of the ab-
sence of volcanic atmospheres. In an effort to explain the
~* Corresponding author. Fax: 773-834-3230. presence of alkali and halogen species in the atmosphere,
E-mail addresszhang@flash.uchicago.edit Zhang). Moses et al. (2002)ised a one-dimensional model includ-
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ing chemical kinetics and diffusion to simulate the pho- shape. In this paper, a parametric study of the “virtual” vent
tochemical processing in Pele’s volcanic ghsllouch et conditions, specifically the vétemperature and velocity, is

al. (2003)also investigated the possibility of volcanically performed and a clarification of the definition (geometry and
emitted sodium chloride as a source for lo’s neutral clouds location) of the vent in our simulations is attempted. The
and plasma torus, and suggested that the volcanic emisconcept of a “virtual” vent rakes our simulation applicable
sions provide important sources of Na and Cl. Dynamic to various types of possibly complex volcanic sources. In
volcanic plume models are essential to efforts to link the fact, the sources of volcanic eruptions on lo are quite com-
plumes to the various observations mentioned above. How-plicated and at least three sources of vent material have been
ever, such dynamic models are quite com(glieffer, 1982; proposed for Prometheus: the interaction of flowing lava and
Lellouch, 1996) Various models from Stochastic—Ballistic  preexisting volatile deposits on the surface, direct degassing
to computational fluid dynamics (CFD) to rarefied gas dy- from the lava, or the eruption of a liquid aquifer from under-
namics have been developed and adopted for dynamicalground(Douté et al., 2002)

studies of volcanoes as summarized recentlyDoyté et Many ionian volcanoes manifest themselves by partic-
al. (2002) Unfortunately, these models are physically differ- ulates rising high above thaiugace and many observable
ent and sometimes internally inconsistent. The Stochastic—features of ionian volcanic pines are associated with the
Ballistic (SB) model can satisfactorily reproduce the plume fine particulates in these phes. Most of the Voyager and
shape and ring deposition of some plumes by careful manip-Galileo plume images likely show sunlight reflected by par-
ulation of the initial conditions. However, the thermal mo- ticles (possibly snow-flakes, droplets and/or dust) entrained
tion of individual particles and their collisions are not taken in the plumes. Photometric studies of LokiGypllins (1981)

into account in a SB model so that the resulting flow field indicate that particles of various sizes (from 0.01 up to
does not reflect features such as shocks or the acceleratiod000 um) are presenStrom and Schneider (19823)g-

and cooling of the gas through expansions which should oc- gested that the bright envelope appearing in the smoothed
cur at certain locations. We believe that the SB model is not ultraviolet brightness images of Pele may be the result of a
suitable for the simulation of the gas flow, and the constraints concentration of particles at a shock front. The wavelength
it places on the initial conditins are not accurate. Contin- dependence of the optical depth in 1996 HST observations
uum flow models have limited applicability because of the of Pele can be matched by either a plume ob%@s hav-
wide-range of flow regimes occurring in plumes. Conditions ing an average column density of 3.7 x 10’ cm=2 or
range from a virtually continuum flow close to the vent to a plume of very small scattering particles with maximum
free-molecular flow far from it. The continuum assumption size of 0.08 un{Spencer et al., 1997Thus, it is important
breaks down in low-density fles because the mean free path to study the behavior of gas/particle flow in these volcanic
of molecules becomes comparable to the length scale of flowplumes once the gas dynamic model has been developed;
features which invalidates the continuum flow approxima- such a gas/particle flow model enables one to understand the
tions. The difficulties posed by the Stochastic—Ballistic and observed plume images better. Meanwhile, the deposition
continuum flow models are overcome by the direct simu- patterns around Prometheus are among the most dramatic
lation Monte Carlo (DSMC) approadBird, 1994)which features on lo and have attracted much attentidouté et

has been adopted and applied to volcanic plume model-al. (2002)obtained maps of Sfareal abundance and mean
ing and sublimation driven flows bgustin and Goldstein  grain size around Prometheus, and used a semiempirical bal-
(1995, 2000) We have followed this approach and devel- listic model to examine the progressive emplacement of the
oped our gas dynamic, radiation and gas/particulates flow SO, ring. Geissler et al. (20033uggested that there is a
model based on {Zhang et al., 2001, 2003a, 2003b, 2003c¢; multiple ring structure arounBrometheus with the radii of

Moore et al., 2003) these ring deposits centered at 72 km (bright yellow), 95 km
Galileo observations have suggested that the magma tem<{dark), 125 km (white), and 200 km (a faint yellow ring that

perature at Pele may exceed 170({topes-Gautier et al., becomes prominent at high solar phase angles).

2002) Zolotov and Fegley (20013alculated a total vent In this paper, we focus on the gas/particle flow in the vol-

pressure of 0.01 to 2 bar at a vent temperature of 2760 canic plumes, and present and discuss promising matches
210 K for Pele. These are drastically different from the vent to the Voyager plume images of Prometheus and Pele. We
conditions " = 650 K andP = 40 nbar) that we used previ- also present simulations of the ring deposition structure of
ously to reproduce the plume shape of Pele and the verticalgas or particles around Prometheus, and examine the pos-
column density observed around P&tdang et al., 2003a)  sibility of duplicating the obseed multiple ring structure.
However, this large difference may be reconcilable if the pre- We first review and also introduce the new features of our
cise definition of a “vent” is distinguished for the different DSMC model in Sectio2. The method of parametric study,
studies. It is also important to determine whether the mod- the “overlay” techniques used in the gas/particle flow mod-
els reproduce the observations over a wider range of venteling and the relevant issuesalso described in Secti@
conditions, a byproduct of which would be a functional de- The results and comparisons, such as the matches to the
pendence of the plume shape vent conditions. One may plume images, plume shadows and deposition patterns, are
then be able to constrain the vent conditions by the plume introduced in Sectio3. Sectior4 contains the discussion of
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the “virtual” vent concept, the lower bounding Mach number
associated with a lava lake plume, the source of fine particu-

lates in the plume and the cdraints placed on the subsolar Vacrmm
frost temperature. | |
{Radiation
g_! ST Ballistic -%
2. Numerical method g {Colision [(substeps)| ; L
r-oa 7] :: ] A5
A detailed discussion of the numerical method and previ- i R Yaz w/%"ﬂ" @ #E
ous results can be found #hang et al. (2003a, 2003B)n 4 ; [#
abbreviated discussion is provided here. \ / \| y
The Direct Simulation Monte Carlo (DSMC) method Vent Sublimation Condensation
(Bird, 1994)was used to model the volcanic plume flows Generate _ Move+ _ Tnfclastic _ Radiate vibrational + _ Sample

over a wide range of flow regimes, from a virtually con- ~ meleculé®™ BCs ~ collision, Z,,™ rotational [~ Properties
tinuum regime near the volcano vent to the free molecular T Bty
regime at high altitude, with transitional flow in between. In @
DSMC the flow is represented by a large number of simu-
lated particles which are moved and collided. The collisions
between particles are simulated stochastically based on the
kinetic theory of a dilute gas rather than deterministically as

in molecular dynamics. Flow properties such as temperature
and density are extracted bynspling and averaging over all

the molecules. The innovations we have incorporated in our
DSMC method include the inclusion of spherical geometry,

a body force (gravity), S@internal energy exchange, radi-
ation from rotational linesand discrete vibrational bands
(aimed at connecting the gas dynamic simulation to the ra-
diation signature of the plumes by remote sensing), multi-
domain calculations to resolve radiation in the vent vicin-
ity, and “overlay” gas/particle flow modeling. The model
has reproduced the observed plume shape, ring deposition
and some other features, and appears to be reasonably suc-
cessful in simulating the plume flow and matching observa-
tions (Zhang et al., 2003a, 2003b)dditional encouraging
matches have been found recently and will be shown in the
Results section. We begin by briefly reviewing the flow con- (b)
ditions used in our simulations and then discuss the proces
of our parametric study and the gas/particle flow modeling
in greater detail.

R=0

z

SFig. 1. Schematic of flow conditions @iDSMC procedure in the simula-
tion.

temperature and velocityach the modeled values. There-

2.1. Review of flow conditions fore, our virtual vent is not necessarily right at the exit of a
o . volcanic tube and may apply to plumes having a lava-frost
The schematic diagram @hang et al. (20034} repro- interaction as the source. The nominal vent radius &km.

duced inFig. 1to illustrate the flow conditions and DSMC  The effects of vent size are examinedimang et al. (2003¢)
procedure used. To summarize, the flow is assumed to bezhang (2004)Also, note that because the geometry of the
axisymmetric and emerging at a uniform mean upward ve- conduit is unknown and becausetbé presumably complex
locity (V) from a circular vent centered at the origin of the gy yansion from the actual exit to the virtual vent (beyond the
Symmetry axis. The molecules al§o ha}ve'ran.dom thermal Ve-scope of this paper), thé, andT, at the virtual vent are un-
locities sampled from a Maxwe.lll|ar_1 d|str|but.|0n at the Vent correlated. This is different from an assumption of isentropic
temperature,), and carry equilibrium rotational and dis-  gxpansion from specified reservoir conditions.
crete vibrational energy. As will be discussed in Sectdon In early work(Zhang et al., 2003a, 2003alat planet ap-
the vent in our S|mylat|on is interpreted as the “virtual” (or proximation was used. This is most appropriate for plumes
“effective”) vent which represents the location where the gas n5t are small compared todiradius of lo. More recently,
the spherical geometry was accounted for. The coordinates
1 The model for radiation from rotational lines is replaced by a classical are interpreted in the manner showrfig. 1b. The altitude
model(Bird, 1994)in the present paper. Z is interpreted as the distance from the spherical surface of
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lo, and the radiug is interpreted as the length of the arc of gas contribute to the development of the plume shape (as
a circle with origin at lo’s center and a radiuf the dis- will be shown by some examples in the Sect®nHence,
tance from the point of interest to the center of Ry Z), we carried out a parametric study on vent velocity)(and
where Rp = 1800 km is the radius of lo. The surface of lo temperature®,). Two sets of iso-contours i,—7, space
corresponds t& = 0 km, and the plume axis (also passing were mapped with one set corresponding to constant canopy
through the center of lo) corresponds®ae= 0 km. The vol- shock heights KHshoc and the other to constant peak de-
ume of each cell i82sin() dr d¢ do = r?>sin@) dZ d¢ do, position ring radii Rring). Since relatively simple contour
whered is the zenith angle as indicatedfig. 1b and equal ~ shapes were expected, only sparsely distributed but care-
to R/r, anddg¢ is set to unity. The gas is subject to lo's fully selected ¢, 7,) points were examined. This reduced
gravitational field after it erupts from the vent. The altitude- computational time compared to calculations on a closely
and direction-dependence of the gravitational accelerationspaced uniform ¥,, T,) parameter grid. Iso-contours of
has also been included. Hshock (OF Rring) Were obtained by interpolation in Tecplot
The molecules escape into space if they cross the upperan engineering graphic software package), and relatively
boundary of the computational domain (rarely), and are re- simple contour shapes were indeed observed. More accu-
flected by the outer specular wall when they collide with rate contours were then obtained by testing maftg ()
the circumferential boundary (but it is far away and does combinations as needed.
not alter the flows in the regions of interest). The surface  After these two sets of iso-contours were produced, we
of lo is assumed to be cold and very rough at the micro- aimed to constrain the unique combination of the vent ve-
scopic level and to have a sticking coefficient=1, so the  |ocity and temperature by the observed shock height and
molecules condense if they contact the surface. Vapor alsopeak deposition radius. It should be pointed out that the ac-
sublimes from the surface. Sitbated molecules are emit-  curacy of the constraints depends on how good the model
ted randomly into a hemisphere at a rate specified by theis and how well the assumptions at the vent represent re-
equilibrium vapor pressure at the surface temperature. ality. The assumptions here include an8 km “virtual”
Details of other recentinnovations, such as the new modelvent radius, a fixed source number density at the vent (5
of vibration—translation emgy exchange, and infrared and 107 moleculegmq®), and an optically thin gas in the,, vy,
microwave emission from the gas, can be foun&iang  andvz SO, vibrational bands. It will be shown in Sectién

(2004) that if the source number densities are changed within a cer-
) - tain range, the gas flows would still have nearly the same
2.2. Parametric study of vent conditions density contour shapes except that the contour levels would

be scaled by the ratio of the two source number densities.

Generally, the plume morphology (shape), the shock pqp this reason, the source number density was kept fixed in
height, and the deposition pattern are all functions of the 4 study. The assumption of optically thin gas abSibra-
ventand surface conditions. A parametric study is performed iy nal pands is adequate if the “virtual” vent radiusi$ km

for plumes assuming a surrounding surface temperature ofy 4 the source number density is not too high. The opacity

90 K. At such a low surface temperature, the sublimation ot e gas becomes significant and must be considered if the
atmosphere is negligible. Calculations show that a canopy «irt,a” vent radius is~ 1 km and the source number den-

shaped shock is generated in a vo_Icanic gas plumg as a regity s high. However, as shown Zhang et al. (2003¢}he
suI't of the gas flow fa}lyng back on'ltself due to gravity, and opacity of the gas generally causes omiyL0—20% differ-
a fing shaped deposition pattern is formed around the VeNtances in the constrained vent conditions. The accuracy of

ES thhe gas faéls on ftghg grc;]ung Ina Irlnght side ;()leéme. As Will yhose assumptions will be discussed in greater detail in Sec-
e shown in SectioB 5.1 the diurnally averaged deposition o'y afrer the results are presented.

profile has approximately the same peak deposition radius
as that for nightside plume so the nightside deposition pro- 2.3
file can be used to find the peak deposition radius. Also, the

shock heightis insensitive to the surface temperature. In fact, Special effort has been expended on modeling the gas/
the canopy shock height is a good observable because of th%article flow in these volcanic plumeSpencer et al. (1997)
conceptratlon pf particles at the shock whereas the plumeshowed that the wavelength dependence of the optical depth
summit is relatively fuzzy. Knwledge of the dependence of in 1996 HST observations of Pele can be matched by ei-
plume morphology on “virtual” veRtconditions is helpful in ther a plume of S@gas with a total mass of.1x 10 g

canstralnmitg th?ts‘ivfr?t %OT]?'SOPS iL:iS"ng trhe Ogsr}?r;/eo? Elutmheor a dust plume of very small scattering particles with min-
Ealalligfi.c(rg]gi E;1towﬁic,h iseadz ua?eol%rzsz:rgtﬁzrdear gstin){ateeimum total mass of & 10° g and maximum particle sizes

9 . dequal “of 0.08 um. They also suggested that either of these possi-
However, the ballistic estimate is not accurate when the ther-

. - . bilities, or a combination of them, is consistent with Voy-
mal energy of the gas and intermolecular collisions in the . : -
ager and HST observations. Since there are many positive

SO, gas detectionfSartoretti et al., 1996; Lellouch, 1996;
2 The concept of “virtual” vent will be explained in Sectidn McGrath et al., 2000andSpencer et al. (1998howed that

“Overlay” gas/particle flow model



Simulation of volcanic plumes on lo 483

their inferred SQ@ abundance is comparable to these esti- the particles probably have an initial velocity. However, the
mates, it is reasonable to assume that Pele consists mainleffect of the initial velocity ismall due to the close coupling

of gas rather than dust, and the total mass of the gas is atbetween the motion of the gas and the nano-size particles
least two orders of magnitude higher than dust. At such a that are the focus of the present work. The initial velocity
low particle (dust) mass loading of less tharl% it may is important if the particles are lardgghang, 2004)In our

be assumed that the flow of particles entrained in the gasmodels, the particles do undergo Brownian motion but it is
plume does not alter the gas flow. Therefore, “overlay” tech- not significant. The mean number density of the above men-
niques may be used to model the gas/particle ficiwo tioned 0.08 um particles is 8 orders of magnitude lower
“overlay” methods were used. In the first method, referred than the gas number density assuming dust particle mass
to as the Collision Model, the particles were treated simply loading of 1%. Thus, although the cross-sectional area of
as another molecular species in DSMC and were allowed toa particle is~ 10* times larger than that of a gas molecule,
collide with gas molecules. Hse “molecules” are huge in  the particle—particle collision frequency is still at leas10*

size compared to gas molecules and collide elastically with times lower than that of the gas molecules, and the assump-
the gas molecules. Since it is assumed that the particle flowtion of no collisions between particles is thus justified. The
does not alter the gas flow, only the particle velocities are particles are assumed to befractory so that coagulation
modified by each collision that involves a gas molecule and and evaporation are neglected in the models. The particles
a particle. Note that, in order to get a sufficiently smooth are also assumed to have a density o 8quid, 1.5 ¢/cm?.
particle flow field, it is necessary to continue the computa-  Each “overlay” method has computational advantages in
tion of the steady background gas flow after the backgrounddifferent limits. The Collision Model is more suitable for
gas flow reaches steady-state and the calculation of the parnano-sized particles, while the Drag Model is best for rel-
ticle flow started. The other method, referred to as the Drag atively large, micron-sized particles. The collision rate of
Model, is to calculate the drag on the particles ipre- a nano-particle with the background gas molecules is not
calculatedor frozen gas flow field and move the particles unreasonably large, thus the Collision Model is computa-
accordingly. Since the particle-size based Knudsen numbertionally affordable. Because of the large accelerations ex-
Kn, is much greater than one, the drag coefficié€ht,in the perienced by the nano-particles, the Drag Model requires an

free molecular limit (Eq(1)) can be use@Bird, 1994) unreasonably small time step and thus is not suitable. For
252 + Dexp—s?) (454 +4s2— 1) micron-particles, the collien rate with the 'bgckground.gas
Ci= 3 + ) erf(s) molecules becomes so large that the Collision Model is very
Vs 28 expensive, but the particle trajectories can be easily com-
21— &) 7 ( T \ Y2 puted by the Drag Model. Therefore, the Drag Model is used
+ 3s <E> () when particles are large, while the Collision Model is used

. . if particles are small.
where,s = UxoBoo = Uso/~/2kT/m, ¢ is the fraction of P

molecules that are reflectedesplarly (the remaining frac-
tion 1—¢ is reflected diffusely)T,, is the temperature of par-
ticles, andl, is the temperature of the gas stream. Assum-
ing a cold sphere or a fully specular reflection of molecules
off the particles £ = 1), the free-molecular drag coefficient
is then reduced to the following,

2.3.1. Validation of the “Overlay” model

The validation here relies on convergence studies. For
the Collision Model, the “overlay” particle flow is expected
to asymptotically approach the background gas flow if the
particles have S@molecular size and mass (thus virtual
molecules). Such convergence has been obtained as shown

(252 4+ D exp(—s?)  (4s*+4s°—1) in Fig. 2 which illustrates the number density contours of

Ca= Jrs3 + 544 erf(s).  (2) virtual SQ molecules and the background gas. Addition-
. . ally, the Collision and Drag Models were run with identical
.It IS W.O”h pointing out that one mlléSt be Cafg’f“' when deal- particle sizes and the resultsragd providing a measure of
ing with small values of: Cq — 3/7s. eXp(—s*) ass — 0. cross-validationFigure 3compares particle trajectories cal-

A very accurate value of (at least 7-8 digits) should be  ¢jated with the Collision Model and the Drag Model for a
used in Eq(2) ass — 0, otherwise the singular behavior of e\ vent input locations for 10 nm particles.

C, will be incorrect and the finite dragx(Cys2) will be-

come singular as — 0. . _ 2.3.2. Collision weight

In both methods, it is assumed that the fine particulates  ag discussed above, the Collision Model is not suitable
are spherical (aimed at modeling crystals or droplets), andq; the calculation of flows witharge particles because the
that the particle flow is so dilute that the particles do not computation of the many collisions between a large parti-
collide with each other. The particles are released at zero ve-.je and the background gas molecules becomes very time
locity from the vent, although it should be recognized that consuming. A “collision weight” can be used to extend the

ability of the Collision Model to calculate flow of large parti-

3 The fully coupled two-phase gas/particle flow has also been briefly Cl€S. In such a calculation, the collision between a gas mole-

examined using the DSMC methodZimang (2004) cule and a particle is assumed to Netimes as effective
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Fig. 2. The number density contours (normalized by the member density) of gas plume (left) and virtual S@olecules (right).

Drag Model
Collision Model

Z, km

Fig. 3. Comparison of 10 nm particle trajectories calculated with the Col-
lision Model and the Drag Model. Also plotted are the gas number density
contours (dotted lines) and the streamlines (solid lines with arrows).

Fig. 4. Comparison of 3 nm patrticle trajectories calculated with collision
weighting factor A) and without the weighting factoll).

but N times less frequent, wher€ is the collision weight.
By “ N times as effective,” it is meant that in each collision
the gas molecule is set to é times more massiverig-

in Fig. 5a. The plume axis passing through the origin of lo is
in the plane of the paper.

The column density at viewing angles other than tangen-
tial can be projected onto therface of lo and interpreted
as the shadow cast by the plume if the particle plume that
cast the shadow is optically thin. The effects of the plume
opacity will be investigated in the futur€igure % shows
a schematic diagram of this situation. The elongation of the
shadow because of the spherical geometry of the surface of
lo is also taken into account by allowing the solar ray (line
of integration) to intersect with the surface of a sphere of ra-
dius of lo and calculating the length of the afg,, as shown
in Fig. 5b. Once the line of integration becomes tangential to
the surface of lo at the terminator, the plume stops casting a
shadow.

3. Resultsand comparisons
3.1. Parametric study on vent conditions

Two sets of contoursHig. 6) in vent temperature and ve-
locity (Vy, T,) space are created from40 individual sim-
ulations, with one set of contours corresponding to constant
shock heights M) and the other to constant ring positions
(R,) at the peak deposition radius, assuming a cold condens-
ing surface. The two sets of contours in vent velocity and
temperature {,, 7,,) space are shown iRigs. 6a and 6b
From these two sets of contours, itis possible to constrain the

ure 4shows the comparison of particle trajectories calculated Uniquevent temperature and velocity for large plumes from

with and without a collision weighting factor & =5. The

an observed shock altitude and deposition ring radius at the

good agreement between the trajectories indicates that thenhtersection ofR, = constant andi; = constant lines. Since
collision weighting method is a reasonable way to reduce the observed plume height (the maximum height of scatter-
computational expense for trajectory calculations of large €rs in the respective image) of Pele-type plumes ranges from
particles. Note that the small discrepancy between particle ~ 300 to 460 km(McEwen et al., 1998)and peak deposi-

trajectories above 40 km iRig. 4is caused by the relatively
noisy computation of the background gas flow there.

2.4. Column density and shadow calculations

The column density along tangential lines of sight (herein

tion radius from~ 500 to 620 km, a reasonable range for
this type plume in ¥,, T,) space is obtained by finding the
region enclosed by contours & = 500 and 620 km, and

H, = 260 and 360 km. This region is indicated kig. 6a

by the band between two dashed black lines approximately
corresponding to contours @&, = 500 and 620 km. Note

referred to as TCD, i.e., tangential column density) can be that our constraints are based on shock heights appropriate
calculated by ray tracing. Such calculations are necessaryfor the observed plume heights. For small Prometheus-type

for direct comparison with observations of plume brightness.

plumes, one cannot constrainuaique (V,, T,) combina-

The angle of the center of the vent source with respect to thetion from the observed shock height and peak ring radius by

limb (¢,) is taken into account in the calculation as shown

this approach, as the two sets of contourEigs. 6a and 6b
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- i
i ,’ plume axis plume axis
]

A solar light ray ~
line—of—sight
— " o

@) (b)

Fig. 5. Schematic of ray tracing calculation of (a) TCD and {idow of plume with the consideration of spherical geometry.

are essentially parallel to each other in the domain of inter- the number density contours, normalized /iy for three
est. Note that the inability to constraii,(, 7,,) has nothing plumes with the sameW,, T7,) of (200 nys, 180 K) but
to do with the uncertainty in observations. The model pre- different vent number densities ranging fromx510%7 to
dicts that many combinations oV{, T;) would give the 2 x 10 m~3. It is seen that the three contours look al-
same observed shock height and peak ring radius. In themost the same. This kind of gas dynamic similarity has been
absence of a usable result from thg/R, plots for small tested for severaly{,, T,) combinations and is expected to
plumes, other measures, such as radiation constraints, aréold for virtually the entire range of the parametric study.
necessary to determine the vent conditions more precisely.However, for this gas dynamic similarity to exist, it is neces-
Despite this, we have attempted to constraip, (I,) com- sary for the flow in the vent vicinity to be in the continuum
binations for Prometheus-type plumes as tightly as possible.regime Kn < 10~* based on vent diameter in our case). For
These ranges are shown Big. 6a by a white dashed rectan- more rarefied vent flowskp ~ 10-3), the normalized gas
gle. The (,, V,) values in this region produce plumes with density flow field looks different as can be seen by com-
shock heights of- 35 to 50 km (plume heights of 60 to paringFig. 7a (n, = 5 x 10'® m~3) with Figs. 7b—7dThe
80 km) and peak deposition radii 6f 65 to 105 km. These  lower intermolecular collision rate and thus lower radiation
values are appropriate for Prometheus-type plu(Stom losses for lower vent number density plume causes the plume
and Schneider, 1982) to retain more translational energy and thus to rise higher
Note that our constrained vent velocity for the Promethe- and expand more widely. We emphasize that a DSMC sim-
us plume is significantly smaller than the free molecular ulated free-molecular flow is not equivalent to a Stochastic—
ballistic estimate of 500 its by Strom and Schneider (1982) Ballistic modeled flow. As introduced in the Method section,
based on the plume height 6165 km. Because it neglects the molecules generated #ite source in DSMC calcula-
the gasdynamic shock, the ballistic approximation is clearly tions also have random theringelocities sampled from a
inadequate for estimating tvent velocity, and its accuracy  Maxwellian distribution at the vent temperaturg,), and
is especially poor at highi, when the high internal energy of  carry equilibrium rotational and discrete vibrational energy.
the gas and intermolecular collisions contribute appreciably  Because of the virtual independence of plume shape on
to the development of the plume. The gas flow is acceleratedn, as long as the near vent flow is near continuapgannot
through the conversion of internal energy to kinetic energy be constrained by shock height and ring radius observations.
during the expansion of the flow. This causes the moleculesAn estimate of efflux based on an observed column density
to rise higher than the ballistic height (for the same mean or resurfacing rate would be desirable to constrajirafter
vent velocityV,) and to fall further from the vent. the vent diameter an#f, are constrained. For example, an
In this parametric study, the number density at the vent, efflux of 1.1 x 10?° SO, moleculegs is found to be con-
ny, a third free parameter, has been kept fixed. This is be- sistent with such observations at P&fthang et al., 2003a)
cause, as mentioned in Secti®2, the gas flow fields with ~ Hence, ifV, is constrained to be- 1000 nys, then the vent
different n, appear to have approximately the same con- number density is estimated to be around 507 SO, /m?.
tour shapes: the contour levels are simply scaled by theA different method to constrain the vent number density is
source number densities. For examg#gs. 7b—7dshow examined in SectioB.2.1
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Fig. 6. (a) Constant plume height/() and (b) constant peak frost deposition radilig)(contours in vent velocity-temperatur®,, 7,,) space. Suitable regions
of (Vy, Ty) for Pele- and Prometheus-type plumes mdicated. Vent conditions correspondingMa = 1, 2, and 3 are also shown by dotted curves in (a).
A lower boundingMa number of 0.7 relevant to a lava lake plume is shown in (b). The {) at which the~ 40 individual simulatins were performed are
indicated by the square symbols in (b). Note that thg (;,) domain that will result in a plume larger than el€-type plume (upperght) is not covered by
the parametric study.
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Fig. 8. (a) Voyager image of theightness of Prometheus plumfgdm Strom, R.G., Schneider, N.M., 1982. Volcanic Eruption Plumes on lo. In: Morrison, D.
(Ed.), Satellite of Jupiter. The Arizona Board of Regents. Reprinted byiggion of the University of Arizona Press), (b) the number density costou
(normalized by 5« 1016 m—3) of the modeled Prometheus gas plume and (c) the gas TCD (normalizest b8 cm—z) for the modeled plume. All three
figures are drawn to the same length scale.



Simulation of volcanic plumes on lo 487

60 paiming perature off; = 90 K is shown inFig. 8b. It is understood

1.0E+00

Ea that the Voyager images wetaken during ionian day time.
E™® o A simulated plume image at higher surface temperature will
N 3TE08 be discussed below. To make a more meaningful compari-

2 1.0E-04

son to the observation &trom and Schneider (1982)own

in Fig. 8a, one needs to calculate the plume column den-
sity along the line-of-sight, since the brightness of a plume
depends on column density of scattering particles. Equa-
tion (3) (Collins, 1981)hows the relation between the ob-
served reflectivity and the gas column density for Rayleigh-
scattering:

2NEAMI/F)

N = 50z~ D2+ code)’ ®

where NI is the observed column density of the gas (in
(b) moleculegm?), No is the gas reference number density
(2.68 x 10?° moleculegm®) at 0°C and 1013 mbar. is
the wavelength of the scattered light (ni),F is = times
the measured radiance/solar irradiance,at, is the index

of refraction of the gas (at @ and 1013 mbar, a function
of 1), andé is the phase (scattering) angle. Equat{dhis

for Rayleigh-like scattering by very small particles of radius
r <0.03x:

NI

W41/ F) (ni + 2)2

= 4
87°r8(14 cog6) n% -1 “)

whereNl is the observed particle abundance (in particles
m?), r is the mean particle radius (m) ang is the index of
refraction of the particle material. These two equations show
that the brightness of a plume is proportional to the column
density along the line-of-sight whether the scatterers are gas
molecules or small particles. Thus, assuming any entrained

(@) particles move with the gas, our gas column density con-
Fig. 7. Number density contours (normalized by the vent number density) tours COUIq be interpreted _as S(.:attered Sun“ght brightness
of plumes with vent number density of (ax5L018 m=3, (b) 5x 1017 m~3, contours with some proportionality constant. Since we have
(c) 1x 10 m—3, and (d) 2x 108 m—3, already obtained the gas density field (in molecuied, the

column density along lines-oight can be readily calculated
via cell-by-cell integrationKig. 8c). Note that the S offset

of the source of Prometheus from the limb of lo is taken into
account. Itis seen that the total gas TCD contours show very
encouraging similarities to the Voyager image. In addition to

Several vent conditiong=(g. 6) were tried and found to the general shapes and dirséms of the contours, *hatch-

produce a good fit to the gas plume shape (height and canopft" shape TCD contours are seen near the gas shock in both

diameter) for the Prometheus plume observed by Voyager 1the qbservation and the simulation. .
(Strom and Schneider, 1982he source of Prometheus is Itis gnderstood that the observeq plume prlghtngss prob-
5° in front of the limb of o during the observaticStrom ably arises from scattering of sunlight by fine particulates

; ; fractory or volatile) rather than by the gas. In f&@b]lins
and Schneider, 1982) Fig. 8a. A Prometheus-type plume (re . :
with an evaporating lava lakeat 350 K, corresponding to (1981)analyzed the Voyager images of Loki and concluded

V, = 140 nys andT, = 300 K, as the source was simulated. ﬂ:a_t th debU\Ig brllglhtrllwess t?f f[hefoute:hplumebc?nnot 'betex;j
The difference in the temperatures of the lava lake and theE aine | Y da)l;eltgh 'Slga Ierlnrgl; I'rkom ?[tgas u fmay Ins eelll
gas will be explained in Sectioch The resulting plume with ~ °¢ €XPlained by e Ray'eigh-iike Scattering ot very sma

this vent condition and a low surrounding frost surface tem- partlcles with radii of 1.0-10 nm. Thus, the tran;port of
fine 1-100 nm refractory crystal or droplet-like particles en-

trained in modeled gas plumes is examined next. It is found
4 See Sectior for more details. that nano-sized particles tend to track the gas flow well. This

3.2. Matching plume, shadow, and deposition ring images

3.2.1. Reproducing Voyager images of the Prometheus
plume
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60 | ~ 10 nm. This is consistent with the photometric analysis

' of the Voyager image of the similar plume Loki I8ollins
(1981) He suggested that in the outer portion of Loki, parti-
cles are extremely fine with radii of less tharl.O nm. Since
particles with such small sizes tend to track gas flow well, it
is reasonable to use the observed plume shape (height and
canopy diameter), visualized by scattering from extremely
fine particles, to constrain vent conditions by matching the
modeledgasflow to the observed particle plume shape. The
discussion above does not exclude the existence of larger
particles in the vent vicinityCollins (1981) in fact, sug-
gested that in the reddish inner portion of Loki the ejecta
may consist of larger particles (1-1000 um).

It should be pointed out that the number density of the gas
at the vent influences how large the particles can be and still
track the gas flow. As shown iRig. 7, if the source num-
ber density of the gas is changed, the gas flow would still
have roughly the same contour shapes but the contour levels
would scale proportionally. A particle with a radiusvould
have a certain trajectory, say, trajectory “p2”Hig. 9, in
the gas flow for a particular source number density. If, for a
fixed source velocity, the source number density of the gas
Fig. 9. Comparison of streamlines of gas flow (“g” lines) and that of parti- is increased by some factot, a particle of sizeVr starting
cles (“p” lines) of Qiﬁergnt sizes: (a) 1 nm and (b) 3 nm. Notice how some gt the same point would then have approximately the same
of the smaller particles in (a) bounce with the gas. trajectory as “p2.” This is because, for free-molecular drag,

the gasdynamic acceleration of a spherical particle is pro-
tracking is shown inFigs. 9a and 9lwhich compare the  portional ton/r, wheren is the gas number density. Thus,
streamlines of the gas and particle flow. The background gasit is possible that larger particles could track the gas flow
flow in these two figures is the same as thaFig. 3with a if the source gas number densitiere larger than expected.
surface temperature of 110 K and is intended to show the re-This feature, in fact, provides another possible constraint on
sponse of these particles to the “bounce” of the gas. It is seenthe gas source number density. Since sut0 nm limit is
that these particles of size of 1 nm easily track the gas flow  consistent with the Voyager observation of Loki analyzed by
and some 1 nm particles from the very outer portion of the Collins (1981) the gas source number density used herein
canopy also bounce along with the gas although they departshould also be fairly realistic. Future observations of the gas
from the gas flow streamlines. That is, the turning flow near column density at Prometheus would provide additional con-
the re-entry shock acts like a cyclone separator: the largerstraints on the gas source number density.
particles are sorted from the small ones. Larger particles are A relatively high brightnessiear the surface (the cir-
less responsive to the accelerating gas flowRif. 3). cled region inFig. 8a) is seen in the Voyager image of

The flow fields of particles in the modeled nightside Prometheus indicating a slightly higher particle column den-
Prometheus plume shown Fig. 8 were then calculated:  sity there. This feature can also be reproduced by a plume
it was hoped that the TCDs of nano-sized particles would of nano-size particles at a slightly higher surface tempera-
resemble the gas plume TCa&nhd match the Voyager im-  ture, as shown on the left-hand side Kify. 11b illustrat-
age since nano-sized particles tend to track gas flow well.ing a plume of 1 nm particles entrained in the modeled
Figures 10a—10show the TCD of particles of different Prometheus plume={g. 11a (left)) with surface tempera-
sizes. As expected, the TCD images of nano-sized refrac-ture 7, = 108 K. A “bounce” of a portion of the falling gas
tory particle plumes indeed show convincing similarities to from the top of the canopy is seen Fig. 11a (left). The
the Voyager imagerigure 1@ shows that the particle TCD  levitation of 1 nm particles by the bouncing gas and their
differs from the Voyager image for 10 nm particles, es-  gradual descent through the subliming atmosphere results in
pecially in the outer portion of the plume (beyond the gas the higher particle column density near the surface. In addi-
canopy shock): the width and the height of the particle plume tion, Fig. 11b shows that the Voyagémage of Prometheus
decrease and the contours at high altitude coalesce. The difis best reproduced by plumes of 1 nm particles entrained in
ferences in the outer portion of the plume between the TCD the modeled Prometheus gas plumes with slightly different
contours and the Voyager imageHig. 8a become largeras  surface temperatures on thedtl and right-hand sides.
the particle size is further increased (Efgs. 10d and 10e The levitation of small particles by the bouncing gas flow
Thus,Fig. 10suggests that most of the particles entrained in is more dramatic around gas plumes over a warmer surface.
the outer portion of the Prometheus plume are smaller than This is shown inFig. 12 by the number density contours,
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Fig. 10. The normalized tangential column density (TCD) of (a) 1 nm, (b) 3 epd,Q nm, (d) 30 nm, and (e) 100 nm refractory particles entrained in the gas

plume shown irFig. 8b. Cases (a) and (b) were calculated by the Collision Model, and the others by the Drag Model.
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Fig. 11. (a) The number density contours (normalized by]})16 m—3) of gas plume with surface temperature of 108 K (left) and 106 K (right), (b) the
normalized TCD of 1 nm spherical particles entrained #sthgas plumes. Note the low altitude circled “dust cloud.”
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Fig. 12. (a)—(c) The normalized number dengity one tenth of the vent number density) contours of 1 nm dust in Prometheus gas plufggg.ai=
(a) 108 K, (b) 110 K, and (c) 112 K; (d) and (e) for 3 nm dust in gas plumé&gaiace= 110 and 112 K, respectively. There is only a slight bounce of 3 nm
particles even afsrface= 112 K. Note that the “dimple” along the centerline is caused by insufficient number of dust particles.
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Fig. 13. (a) and (b) The normalized TCD of 1 nm dusf@fiface= 110 and 112 K, respectively; (c) and (d) 3 fMigyrface= at 110 and 112 K, respectively.

normalized by vent number density, of nano-sized parti- tional evidence suggesting the existence of such “feet” as
cles in Prometheus gas plumes at different surface temperseen in a Galileo image showing the Pillan plume at almost
atures. The corresponding TCDs of these plumes are showreero solar zenith angle (Fig. 1.1 #hang, 2004 As will be

in Fig. 13 It is seen that the more dense sublimation at- discussed later, the deposition of these suspended particles at
mosphere at high values @§,raceSupports larger particles, large distances from the vent might be the cause of the multi-
and is responsible for a possible formation of a dust cloud. ple rings observed around Promethé@sissler et al., 2003)
“Feet” (lateral extensions from the main plume) appear in

some of the TCDs either whenelsurface temperatures are  3.3. Settling time and implications of subsolar frost

high® or the particles are small. There is, in fact, observa- temperature on lo

5 We refer to 112 K as a “high” surface temperature because the equilib- As suggested above, visible dust clouds might be formed

rium vapor pressure of SQloubles when the surface temperature increases S the result of the “bounce” of small particles along with
from 110 to 112 K. gas flows. If various plumes are continuously injecting very
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tially with surface temperature. The exponential dependence
starts at lower surface temperature for smaller particles. The
location of settling time equal to ten hours (corresponding
to about a quarter of an ionian day) is indicatedrig. 14
by a dash-dotted line. The intersection of this line with the
settling time profiles for potentially observable particles pro-
vides some constraints for subsolar frost temperature. If the
particles in the “bounce” are observable, the absence of a
more distant dust cloud on lo implies that the settling time
of particles is small compared to the duration of ionian day.
Since the “feet” that appear in some of the TCD contours
shown inFig. 13 have comparable brightness to the plume
itself, the particle cloud should be observable if the plume
is. Therefore, the absence of dust clouds on lo seems to in-
dicate that the subsolar surfacengerature is relatively low.
For example, if a cloud of 1 nm patrticles is potentially ob-
servable, the intersection of the ten hour line and settling
Fig. 14. Settling time of particles of different sizes at different surface time line for 1 nm particles ifrig. 14shows that the subso-
temperatures. A one hour settling time is comparable to the flow times |gr frost temperature is lower than118 K.
associatgd with a plume while a 10 hour _time is comparable to the times Our assumptions about particle temperature and the na-
surrounding noon when the sunlit surface is warmest. . .

ture of gas—particle collisions affects the value of the free-

molecular drag coefficienf;. In the above calculations, it
small particles into the region well above any sublimation s assumed that particles are cold and the gas—particle colli-
atmosphere, one could anticipate the formation of thin dust sjons are specular. Different assumptions lead to somewhat
clouds as particles gradually fall to the surface. We next ex- different drag coefficients. Fortunately, the constraints on
amine why no such clouds have been reported. subsolar surface temperature suggesteBigyl4based on

The falllng time of partiCles with different sizes Starting different assumptions for drag coefficient do not vary by
at rest at 100 km abof¢he surface in an isothermal, hydro-  more~ 1%.

static, sublimation atmosphere is here defined as the settling
time and determined numerically for different surface tem- 3.3.1. Reproducing Voyager images of the Pele plume

- —t— 1 nm
| ——tl—— 10 nm
—ie 100 NM

10°

10 hours

Settling Time, s
<

Y V110
T, K

peratures. The particle equation of motion is: Strom and Schneider (198&)owed that a Voyager image
1 du of Pele had remarkable features that distinguished Pele from
—mg + ECdpuzd =mz, (5) other plumes known then. First, Pele is huge with a plume

_ . _ o height of ~ 300 km and canopy diameter of 1200 km.
wherem is the mass of a particleg, is gravitational ac- A pright top appears in the smoothed ultraviolet images of
celeration on lo (1.8 n¥), C, is the free-molecular drag  pele. Strom and Schneider suggested that this top is caused
coefficient (Eq(2)), p = poe~*/" is the local mass density  py a concentration of particles at a shock front. By follow-
of the atmosphere ang is calculated based on the equi- jng the particle trajectories we have shown that refractory
librium vapor pressure at the surface temperatlre: is particles finer than- 10 nm, dragged by the gas flow, could
the vertical velocity of the particle, = RT/g is the scale  reach the shock and concentrate th@teang et al., 2003b)
height of the isothermal sublimation atmosphereamsithe  Here we compute the particle number density and then the
cross-sectional area of particle. Note that the free-moleculartcp of the particles for comparison with the Voyager im-
drag has a:* dependence which is different from thede-  age. First, since our gas TCD of Prometheus appears to be
pendence of the drag in continuum regirfégure 14is a  yery similar to the Voyager image of this plunfdg. 8a), the
Semi-|0g p|0t i”ustrating the reSUItS Of th|S Calculation. The same Ca|0u|ati0n was done for the Pele plume and Similar-
settling times are plotted in the figure as a function of surface jties petween the calculation and observation were sought.
temperature for particles of different sizes. As expected, the Figyre 15shows such a comparison. Note that the @3-
smaller the particle or the higher the surface temperature, theignce of Pele center behind the limb when the Pele image
longer the settling time. At very low surface temperatures, \as taken by Voyager is taken into account in all the TCD
particles fall almost ballistically in~ 200 s since the subli-  calculations in this section. One sees that the calculated gas
mation atmosphere is very tenuous. At high surface temper-Tcp contours are indeed qualitatively quite similar to the
atures, the settling time increases approximately exponen-prightness contours in the Voyager image, especially near

the shock. Such a distinct shock feature does not appear in
6 Note that particles fall virtually ballistically above one scale height the Voyager Im_age O,f Prometheus (Hg &). The rela- .
(~ 10 km) for about 200 s which is small compared to the settling times tively small variation in number density near the shock in
considered (hours) so the gtag height is not significant. Prometheus hides the existence of a gas shock in the TCD.
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(© Fig. 16. The normalized tangential column density (TCD) of (a) 1 nm,
(b) 10 nm, (c) 100 nm refractory particles entrained in the plume shown
Fig. 15. (a) Voyager image of the ultra-violet brightness of Pdtent in Fig. 1% except for plume (a) where the gas plume was the early nominal

Strom, R.G., Schneider, N.M., 1982. Volcanic Eruption Plumes on lo. In: Pele-type plume with the flat surface and consgamipproximations, and
Morrison, D. (Ed.), Satellite of Jupiter. The Arizona Board of Regents. the plume was deformed into spherical geometry. The scales have been ad-
Reprinted by permission of the University of Arizona Press), (b) the num- justed in each figure to enhance the details of the structures (the normalized
ber density contours of the modei®ele gas plume and (c) the gas TCD TCDs at the vent are 0.015, 0.1 and 0.03 for (a), (b), and (c), respectively).
(normalized by % x 1019 cm~2) for the modeled plume. The observed Notice the double-shock-like feature (b) and (c). Further details can be
plume and the simulated plume are drawn to the same length scale. Notefound inZhang et al. (2003b)

the calculated TCD below the limb is blanked.

100 nm in Pele can still reach and rise above the gas shock

We observe that the simulated TCD of2 x 107 cnm2 at ~ 310 km altitude, so the particle size range in the outer
near Pele’s shock is consistent with the ;Sgas column  portion (beyond the gas shock) of Pele may be wider than
abundance of- 3.7 x 1017 cm~2 obtained bySpencer etal.  that of Prometheu$.This wider particle size range is con-
(1997)based on an HST observation but assuming a uniform sistent with the particle size estimates of less than 0.08 pm
hemispherical gas plume. in Pele bySpencer et al. (1997nstead of 0.01 pum in Loki

The TCDs for entrained fine refractory particles are suggested bZollins (1981) However, as seen ffigs. 16a—
shown inFig. 16 As for the Prometheus simulations, it is 16G only particle of sizes on the order of 1 nm reproduce
found that the particles entrained in the Pele plume can be atthe observed brightness contour shape well especially near
most about 10 nm in size if they are to follow the gas flow the canopy shock. According to E@), 1 nm particles are
for the nominal source gas number density chosen. This isfar less effective in scattering sunlight than 10-100 nm par-
especially true in the outer portion of the plunkégure 1&
shows that the TCD contours for 1 nm particles are very sim- mver, the large particles cannot track the gas flow in the outer por-

ilar to that of the gasF(ig-. 1%). Unlike thel particle flow in tion of Pele and they show a different signature near the gas shock as seen
Prometheus discussed in Sect®A.], particles as large as  in Fig. 1&.
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ticles. Therefore, the flowaar the shock must be dominated

by ~ 1 nm particles. Using Eq4) and assuming the value 150 - -
of n, = 1.9 of Spencer et al. (1997)he column density of I i e
1 nm particle needs to be 1 x 10'° cm~2 in order to pro- breoaih

duce an//F value of 0.004 at 0.35 um wavelength. This
particle column density is two orders of magnitude higher
than the gas column density. This is apparently quite un-
realistic. However, due to the® dependence of the light
scattering efficiency, far fewer particles that are only slightly
larger are needed to produce the obserigd value, and
these particles still track the gas flow quite well. For exam-
ple, three orders of magnitude lower particle column density i
is needed for 3 nm particles, and61x 10* times lower 0
column density is needed for 5 nm particles in order to pro- -100 50
duce the observet) F value. It is also understood that large

particles could reach high altitude if they are created by con- @
densation in the plume. In fact, large fluffy snow-flake-like
particles track the gas flow much better than do spherical
particles. This better response to the gas for snow-flake-like  aoo0 |
particles is observed in our simulations. g 200}

It must again be pointed out that the discussion above 3
does not exclude the existence of larger micron-size parti- 100 -
cles, especially in the vent vicinity. In fact, the brightness
in the vent vicinity of Pele observed by Voyager is likely
due to large particles of various sizes. The cone shape con-
tours in the vent vicinity in the Voyager image of Pele are
different from the “finger” shape contours showrFig. 16
Thls cone shape might be the signature of large-particle ﬂoyv. Fig. 17. () TCD contours of parties with size ranging from 5-10 um
Figure 14 shows an example TCD computed for a parti- yith a resolution of 0.25 pm. The particle size distribution is log-normal
cle cloud with a log-normal size distribution, and with the  with ns ,;m/n1o um = 100. The gas plume is a nominal Pele plume shown
r® dependence of particle scattering efficiency indicated in Fig. 1%. (b) A better match to the Voyager image is obtained by faked over-
Eq. (4) The contour shape is quite similar to that in the vent Iayin.g of figure (a) orFig. 1&1 without the consid(_aration_of the population
vicinity in the Voyager image of Pele (cFig. 15). A better relation between 1 nm particles and the large micron-size particles.
match to the Voyager image can also be obtained by overlay-
ing Fig. 17a onFig. 16a to simulate an image representing Malized column densities (withoabnsideration of opacity)
the injection of two classes of particles at the vent; tiny Projected from the sun onto lo’s surface at this angle were
~ 1 nm grains or droplets perhaps forming from a conden- calculated for the particle plumes showrfiig. 10and plot-
sate and larger 5-10 pm dust having a log-normal size dis-ted inFigs. 18b and 18¢The “finger” shape discussed above
tribution. Note that a size distribution seems to be necessaryis found to be best reproduced by a plume~080 nm par-
since we observed in our simulations that a plume of parti- ticles. The uniformly dark southern “mushroom” shape may
cles of a single size cannot reproduce the contour shapes. be reproduced by- 80 nm or smaller particles. It should

be pointed out that it is also possible that there are two dis-
3.4. Reproducing plume shadows observed by Galileo tinct dust jets and a non-axisymmetric vent fl¢loute et
al., 2002)

A remarkable reddish shadow cast by Prometheus is seen Similar calculations were conducted for the Pele gas
in the Galileo image shown iRig. 18a. Several features ap-  plume, and the results are shownFiig. 19 Perhaps some-
pear in the image of the shadow: two components seem today a Pele shadow may be observed. Because of the large
be present with one corresponding to a dark “finger” and size of the Pele plume, only the lower part of the plume casts
another to a “mushroom”; there is an asymmetry about the & shadow on the surface at high solar zenith angtes(().
“finger” from north to south with the northern part of the
shadow a little weaker and appearing to have a gradient in3.5. Gas and particle deposition patterns for Pele- and
color while the southern part is relatively uniformly dark. An  Prometheus-type plumes
effort was made to reproduce these features by computing
the shadows of particle plumes with particles having differ- 3.5.1. Gas deposition patterns
ent sizes. The solar zenith angle at the Prometheus vent was Our previous results showed that the deposition pattern of
~ 76.4° when the image irFig. 18 was taken. The nor- the Pele plume varies as the temperature of the surrounding
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Fig. 18. (a) Galileo image hftp://photojournal.jpl.nasa.gov/catalog/ boo
PIA00703 of close-up views of Prometheus; (b) Computed shadow cast
on the surface by 1 nm particles; Shadow of 30 nm (top part of (c)) and
80 nm particles (bottom part of (c)). The simulated shadows and the inset
of Prometheus in Galileo image are drawn to the same length scale.

Y, km

frost-covered surface changes during the ionian(@mang i
et al., 2003a)At low surface temperatures, the falling gas -500 -
simply pours onto the surface and condensation dominates
to build up a deposition peak. As the surface temperature in- 4 e

creases and the sublimation atmosphere thickens, the SO w0 S 1000

frost begins to be eroded away below the turning point of (c)

the impinging flow. We have made similar calculations for Fig. 19. Shadow of gas in Pele plume at three different solar zenith angles:
Prometheus and the results are showfim 20 Note that (@) 40, (b) 60°, and (c) 80. The contour levels are arbitrary and are only
the simulated plumes used here are the ones with vent con-chosen to illustrate the general shape of different shadow patterns. The ori-
dition identical to that of the plume shown Fig. 8o. The ginis located at Pele’s vent.

effect of erosion by the plume during the day when surface

temperatures are high is sefam Prometheus as it was for  the surface experienced thabtperature and averaged over
Pele. Because the deposition profile also varies with time, an ionian day. The surface temperature as a function of time
one needs to calculate the time-averaged deposition profileof ionian day is based on the work Eerton et al. (1996)

to make a meaningful comparison with the observed mul- (their Fig. 3). Since Prometheus is a small plume having lit-
tiple ring structurg(Geissler et al., 2003nd examine the tle variation in latitude, the deposition around it is assumed
possibility of forming such rings by gas deposition. To do so, to be symmetric around the verigure 21shows such a
the deposition profiles for several different surface tempera- diurnally-averaged deposition profile. It is seen that the aver-
tures were weighted by the duration of time during the day aged profiles have approximately the same peak deposition
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B —  T,=9%0K ticles generally rise less and land closer to the vent than
i — ;:m: do smaller onegZhang et al. (2003b)This sorting mech-

L T.=112K anism exists in Prometheusigures 22a—22blustrate the

- —— T,=116K

normalized deposition profiles of relatively large refractory
particles. Note the distinct edges of the particle rings com-
pared to the gas condensatiamy. The figure suggests that
multiple rings might be the result of the deposition of differ-
ent size particles at different distances from the vent. Unlike
the deposition of the gas frost and nano-size particles, the de-
position profiles of larger particles-(10 nm) are very weak
functions of the surface temperatufégures 22a and 22b
compare the deposition of particles in a nightside and day-
side Prometheus plume. The precipitation of these particles
near the turning region of the gas flow over a warmer surface
results in this insensitivity. One should note the especially

narrow ition ring for 10 nm patrticl mpared t
Fig. 20. Deposition profiles around the Prometheus plume as a function arro dePOS 0 g for 10 particies compa edto gas

of distance from the vent at different surface temperatures. Note that the or to larger pa.rfucles. ) ) ) )
profiles are blanked near the vent #®r< 10 km. The deposition profiles of nano-particles in plumes with

relatively high surface temperatures are shown on a log scale
in Fig. 2Z. Outer rings are indeed seen in these profiles.
Thus, we suggest that the outer ringsKat 110 km) around
Prometheus discussed I@eissler et al. (2003re likely
caused by the deposition of small nano-size particles that
followed the gas through its “bounceFig. 9a) below the
re-entry shock. Bigger particles simply would not be carried
through the “bounce” by the low density gas flokid. 3).
The deposition profiles of different size particles in a
B nightside Pele plume are plotted fig. 23 An interesting
- feature is that the particles tend to deposit in distinct bands
with a sharp rise in deposition at the band inner edge. These
- particle bands occur at different locations than the gas de-
position ring. Quite coincidentally, the narrow deposition
o TR IR B ring discussed for Prometheus for 10 nm particles also ap-
= R km = =P pears for particles of this size in Pele-type plunfégure 23
shows that the deposition band for 10 nm particles is quite
Fig. 21. Diurnally averaged gas deposition profiles with peak subsolar tem- narrow compared to the bands for large particles and frost
peratureTs; of 116 K for Prometheus. (gas condensation). This may be caused by the similar dy-
namic pressure of the gas inside both Pele and Prometheus
radius (110 km) as the nightside plum& & 90 K curve plumes (similar density andelocity at the vent and near
in Fig. 20. Hence, the use of the nightside deposition pro- the shock) although there are appreciable differences in the
file to represent the peak deposition radius in the parametricplume sizes. Similar dynamic pressure of the gas results in
study of vent conditions in Sectidhlis justified. It is seen  similar drag on the particles.
in Fig. 21that there is a strong ring & = 100-150 km and
indications of a couple of possible other rings at radii inside
and outsider of 150 km. 4. Discussion
Another interesting feature of the deposition ring is its
sharp inner edge when the surface temperature is low. Thisis4.1. Physical significance of modeled vent parameters
a reflection of the extension of the canopy shock all the way
to the surface. The abrupt change in the gas density across The dependence of Pele’s vent pressure on vent tem-
the shock near the intersection of the shock and the surfaceperature has been calculated Bylotov and Fegley (2001)
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causes the jump in the flux to the surface. based on the HST observed 8& and SQ/SO ratios in the
plume (McGrath et al., 2000; Spencer et al., 2008pw-
3.5.2. Particle deposition patterns ever, the vent appropriate for the model Dblotov and

We have shown that there is a sorting mechanism for par- Fegley (2001)and our model should be distinguished. The
ticles inside the gas plume: the motion of large particles vent temperatures they assumed are high (around 1700 K)
tends to decouple from that of the gas, and thus large par-in agreement with the recent Galileo NIMS observations by
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Fig. 22. Deposition profiles (normalized by peak rate) of different size refractory particles entrained in (a) a nightsi®@ (K) Prometheus plume and (b)
a day side {5 = 110 K) plume, and also deposition of the gas. (c) Deposition profiles of small particles in plumes with relatively high surface temperatures
plotted on a log scale to illustrate the small net deposition at largesddim the vent. Note the possible explanation of the outer deposition yitigis
profile.

Lopes-Gautier et al. (200Z)olotov and Fegley (200Xal- ing from a deep round tul{Kieffer et al., 2000)We propose
culated a total vent pressure, for the observed gas speciesthat our modeled vent should be interpreted as a “virtual”
of 0.01-2 bar in this temperature range 1700-2000 K). vent representing the locatiore—relatively “clean” plane—
However, this result is drastically different from our previ- where the gas temperature and velocity reach the modeled
ous vent conditions—we found a vent static pressure of only values. A schematic diagram of such an virtual vent is shown
~ 40 nbar @, = n,kT,) and best fit temperature of 650 K in Figs. 24a and 24for a volcanic tube and lava lake plume,
for Pele. respectively. Our virtual vent is not necessarily right at the
There thus remains the question of what our modeled ventexit of a volcanic tube or at the same location appropri-
really represents. Degassing from a lava lake or intrusionsate to the model oZolotov and Fegley (2001Dur virtual
of lava into surface S@frost accumulations appear to be vent is assumed to be close to the exit where the flow has
more realistic source mechanmis for Prometheus than vent- expanded and the temperature has dropped below the lava
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10 nm kind of volcanic plume with a diffusing disk (simulating an
o evaporating lava lake) as the source. We do so by specify-
Ges | ing a temperature and a reasonable number flux at the disk
with the same size as our nominal vent& km in radius).
A bounding steady-state Mach number-eD.7 adjacent to
the disk is found regardless of the disk temperature. Fur-
ther details are discussed in the next subsection. For the Pele
plume seen in the Voyager image (Efg. 15), the contour
dimension in the vent vicinity is even larger and on the order
of 100 km though the image saturation in the vent vicinity
may also contribute to the large size of the contours. This
case may be similar to Prometheus except that the bubbling
sites are replaced by deeper cracks or holes. Our calcula-
- tions show that a diffusing disk at 1700 K could also be a
T RN P L b TR T possible source for Pele. Interestingly, this is consist.entwith
0 100 200 300 400 500 600 700 the hlgh lava temperature observed at RE@ES'GE\UUGT et
R, km al., 2002) and this is the reason we mark a hot “lava lake”

Fig. 23. Normalized (by peak rate) deposition profiles of refractory particles regl?]n I‘r]l.:lg' ?,,a for F.)gle' b litt bi hi
of different sizes entrained in a nigsitle Pele plume. Also shown is the gas The“virtual”ventidea appears to be alittle arbitrary. This

deposition profile for comparison. situation is caused by the relatively large uncertainties in-
volved in observation. If there were an “exit"—the “clean”
o plane parallel to the surface as showirigs. 24a and 24b-
clean" gas stream .
"virtual" vent where every relevant parameter, such as the width of the gas
» stream crossing the plane, the gas temperature and velocity,
could be simultaneously determined by observation, then we
believe that our model would reproduce the plume flow well.
Unfortunately, this is not the case for the observations on lo.
We know almost nothing definite at the vent, nor has a vent
been observed directly. Thus, it should be very useful if, in
the future, an attempt was made to measure the gas veloc-
ity, and temperature and spatial extant of the gas stream at a
well defined location, say a certain plane parallel to the sur-
face. It is understood that this is a difficult task for remote
sensing.

Given the current situation, what can we say more specif-
ically about our modeled vent and the vent conditions con-
strained by the model? First, the “virtual” vent must be close
to the actual exit. For example, as mentioned earlier in this
section, a diffusing disk at 1700 K could also be a pos-
sible source for a Pele-type plume. In that simulation, the
flow reaches Mach 3 (from Mack 0.7 at the disk) within
~ 15 km above the disk. This is a relatively short distance

| |
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T T 7
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Normalized number flux

| L L

0.2

o

Region where numerous sources are homogenized compared to the height of a Pele-type plume.
Second, the most important parameters at the vent are the
(b) velocity (V,) and temperaturelt) because they determine
Fig. 24. Schematic diagnaof “virtual” vent. the kinetic and internal energy of the gas and ultimately the

height and width of the plume. Other parameters—the vent

size, the number density at the vent, the vibrational degrees
temperature. A modeled vent diameter~ofLl6 km in this of freedom and vibrational relaxation numbers, opacity of
context is thus reasonable. The match to the Voyager imagethe gas and the presence of other species—appear to perturb
of Prometheus we obtained provides further support of this the plume height and width slightly, usually about 10-20%
idea. The contour dimension in the vent vicinity is on the (Zhang, 2004)Thus, the constraints on the vent conditions
order of 10-20 km in the Voyager image. A likely scenario (T,, V,) obtained in the present work are felt to be reason-
for the source of Prometheus is that a large number of bub-ably accurate.
bling sites of dimension of 10-100 m are distributed over In the lava lake plume simulations, the gas pressure in the
a region of~ 20 km in size. We have recently modeled this hot lava lake vicinity is still in the range of tens to hundreds
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of nbar which is much less than the equilibrium S@por b
pressure over lava at a high lava temperature. It should be
noted that equilibrium is not reached when there is a steady-

- =— - f,(DSMC)
—+—— {1, (Theory)
" — f, (DSMC )

state dynamic expansion with the vapor generated at the sur- 08 f, (Theory)
face expanding into a near vacuum. Therefore, the dynamic [

expansion must be considered when linking the calculation i

of vent pressure b¥olotov and Fegley (2001) the result- T o4l

ing escaping gases. Note that we assume the chemistry of
the volcanic gases is quenched at the “virtual” vent in our
simulation. e
It should be pointed out that the dynamic expansion from
the lava vicinity to our “virtual” vent is presumably very T
complex due to radiative heating of the gas from the hot o e S ige
lava, gas radiative losses tpace, and possible mixing of '
the g?‘S from different degassing spots (sa){, from along a fis- Fig. 25. Distribution function, bottirom theory and sampled in DSMC,
sure in the crust of a lava lake). In fa&lputé et al. (2002) of u¥ = Bu, for diffusively generated moleculesfq) and the molecules
suggested that the ejection of gas at Prometheus lava fronbetween a surface and a vacuum boundary at steady-stgteNote the
cannot be axisymetric. A detailed investigation, beyond the half-Maxwellian distribution for the flowing molecules between the surface
scope of the present work, is needed to examine the procesgnd the vacuum.

that connects the degassing in the lava and the virtual vent . )
region. Therefore, the meanvelocity of the molecules flowing be-

tween the diffusing surface and the vacuum boundary is,

4.2. Kinetic theory analysis of steady-state Mach number 00 0o -1

associated with the evaporating gas into a vacuum i, = / u; frdu, / fidu, — L (9)
/ (V7B)

which gives a Mach number right around 0.7 for SO
Note that since the velocity distributiofy is not strictly
Maxwellian, the “temperature” of the gas averaged over all

In our lava lake plume simulations, there appears to be
a steady-state, lower bounding Mach numberdd.7 right
above the diffusing lava for all lava temperatures as shown in

Figs. 6a and 6bTo find out why this is the case, one needs to - g ] -
the molecules in the first cell is not the same as the diffus-

find the distribution function 1) for the molecules between X o . .
a diffusing surface and a vacuum boundary at steady-state!Nd disk temperaturdo. This is why there is a difference

The distribution function (o) of the velocity componentu() between the lava temperature and the gas temperature in
normal to the diffusing surface for the diffusively generated °Ur Simulated lava lake Prometheus plume discussed in Sec-

; tion3.2.1
molecules (source molecules) is, . .
( ) The above analysis is vahted by the DSMC calcula-
fo=2p2%u,ePus?, (6) tion. Figure 25shows that the velocity distribution for the

molecules adjacent to the diffiag surface is essentially the
wherep = /m/(2kT) is the reciprocal of the most proba-  half-Maxwellian just as expected.
ble molecular thermal speed. Note that the source molecules
are not the same as the ones between the diffusing surface 3. Source of the extremely fine particulates in the outer
and the vacuum boundary (or in the first cell adjacent to the portion of Prometheus
diffusing surface) at steady-state. The molecules in the first
cell are, in fact, the slower moving ones that are left behind;  The small particles in the outer portion of the Prometheus
faster molecules escape the first cell preferentially. The pop-plume discussed in Sectia®2.1 could be dust or pyro-
ulation of molecules of clasg, left in the first cell after a  clastic particles entrained in the gas plume, or volatile SO

sufficiently long time interval ofA7 is, snow-flakes, droplets and/or crystals that form via conden-
I sation in the plume. Both refractory particles and volatile
Atfo dug, (7) condensates may be present. Although none of these pos-
Uz

sibilities can be excluded yet, the plausibility of particles
wherel is the length of the first cell in the direction normal formed via condensation in the plume is examined briefly. In
to the surface. The disbution function (f1) for these mole- fact, the conditions in the plume away from the vent vicinity
cules is thus proportional t@g/u, which returns back to a  are quite favorable for these particles to form through inter-
half-Maxwellian ¢, > 0 only) distribution after normaliza- molecular collisionsFigure 26shows the contours of the
tion: ratio of the local gas pressurek(l’, wheren is the local gas
- number densityk is the Boltzmann constant, arfd is the
fi=B/Jme P (8) local gas temperature) to the local equilibrium vapor pres-
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Fig. 26. The ratio of local gas pressure to the equilibrium vapor pressure for a simulated Prometheus-type gas plume samé-igs &aiNatice the
logarithm color bar. The regions in the vent vicinity where the reiess than one are blanked. Calandicate possible condensation.

sure(Ingersoll et al., 1985)Pyapor= 1.52 x 101345107 ature of~ 133 K based on the Galileo photopolarimeter—
for a Prometheus-type plume. The figure indicates that mostradiometer (PPR) observation. However, though this was not
regions within the Prometheus plume away from the vent pointed out byRathbun et al. (2003a careful examination
vicinity are highly super-saturated, and the conditions are of the surface temperature map (their Fig. 1) near the sub-
favorable for condensation. It is not yet certain if collision solar point reveals that high subsolar surface temperatures
rates are sufficient to grow substantial particles or whether seem to be correlated with dry surfaces (dark area) with lit-
the temperature of such particles is even close to the lo-tle frost coverage while relatively low surface temperatures
cal gas temperature. It is also understood Papor is that (less than 120 K) are observed in bright areas presumably
over a macroscopic sheet of ice and the nano-particles maycovered with frost. Therefore, our constraint on the subsolar
have a different equilibrium vapor pressure. Moreover, the frost temperature appears consistent with the Galileo PPR
kinetic temperature in nongeilibrium conditions that oc-  observation.

cur in many locations of the plume may be misleading. Still, Ingersoll (1989)ointed out that “the key unknowns for

it is likely that as the gas plume cools via both expansion lo are the strength of the volcanic sources and the tempera-
and radiation, some condensation occurs inside the plumeture of frost near the subsolar point.” The recent Galileo PPR
The particles formed (S&snow-flakes, droplets and/or crys-  observatiof{Rathbun et al., 2003)ives a better understand-
tals) may be very fine€ 10 nm) and track the gas flow in  ing of subsolar surface temperature. However, the relative
the outer portion of the gas plume accounting for the Voy- significance of volcanic/sublimation atmosphere is still con-
ager observed plume brightness in those regions. In fact,troversial. Our modeling suggests constraints on these un-
Kieffer (1982)had a detailed discussion of condensing va- knowns, i.e., a subsolar frost temperature of 110-118 K, vir-
por for both an equilibrium and mon-equilibrium situation,  tual vent velocity of~ 150 ny's for Prometheus-type plumes
and suggested that condensation o ®0uld occur in an and ~ 900 nys for Pele-type plumes and a source num-
expanding flow and the condensate particles would be gen-ber density at the virtual vent of 5 x 10" moleculegm?®
erally less than 100 nm. It has also been shown that, for afor both types of plumes, with an virtual vent diameter of
sticking coefficient of 0.1, the maximum size of particles ~ 16 km. Thus, the relative significance of volcanoes or
that could grow through condensation of 58 ~ 50 nm frost in maintaining the atmosphere on 1o may be assessed.

(Moore et al., 2003) On the nightside, the surface temperature is low so that the
We are presently adapting the computational code to only substantial atmospheres are beneath the plumes and the
model the condensation/evaporation of droplets. length scale associated wittach plume can be obtained
from Fig. 6. In plumes the vertical column density drops
4.4. Subsolar frost temperature on lo—implication of quite rapidly with distance from the vent. The column den-

relative significance of volcanic/sublimation atmospheres  sity decreases by an order of magnitude within 100 km
for both type of plumegZhang et al., 2003a)The only
Our modeling suggests that the observed lateral extensionplace where a sublimation atmosphere will play an impor-
of the Pillan plume (cf. the “feet” discussed in Sect®A.1) tant role is on the dayside around the subsolar region be-
and multiple ring structure around Prometheus imply that cause of the rapid variation of vapor pressure with tempera-
the temperature of frost near the subsolar point is greaterture. The column is dominated by the volcanic plume within
than~ 110 K. Combining this with the upper limit we sug- R = 100 km, while the sublimation atmosphere plays an im-
gested in Sectio.3, the subsolar frost temperature range portant role farther away from the vent, where the plume is
would be~ 110-118 K. Itis interesting that the correspond- only a small perturbatiofZhang et al., 2003aHowever,
ing density of a S@ sublimation atmosphere for subsolar the relative significance of plume atmosphere is discussed
frost temperatures in this range is precisely in the range to above in terms of column density. The relative role may
play a significant role in the gas dynamic interactions with not be the same for other observations like inferred temper-
plumes, the parameters of which are independently chosenature or species composition of the atmosphere. We have
Rathbun et al. (2003pbtained a subsolar surface temper- shown that although the column density is dominated by
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the sublimation atmosphere 100 km away from the vent,  position of nano-particles than by (diurnally-averaged) gas
the plume locally rises way above and blankets the sublima- deposition. The particles that are ejected from the volcanic
tion atmospheréZhang et al., 2003aYhe plume gas shows source are levitated by the gas “bounce” as they fall toward
dramatic dynamic features such as a canopy and re-entrythe warm surface so that they are deposited further from
shocks and bounces. Therefore, even when both sublimathe source. The absence of any observed more distant dust
tion atmosphere and volcanic plumes are present at the samelouds suggests that the subsolar frost temperature is less
time, and the sublimation atmosphere dominates the value ofthan~ 118 K, assuming that a cloud of 1 nm particles would
the column density, volcanic plumes may still play important be observable.

roles in other aspects of theadsphere like its temperature,

interaction with the plasma and radiation from space and its

composition. Thus, when discussing the relative significance Acknowledgments
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