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The 0.3-1.0 um optical constants of the aerosols in the dark
SL-9 Jupiter impact blemishes are nearly identical to those of
the organic residue in the Murchison carbonaceous chondrite.
Porous poly-HCN is also a reasonable match. The mass of
organics needed to produce a typical blemish is 0.8—-8 x 10"
g, depending on the aerosol porosity. The 10 um emission
feature seen during the splash-back phase for the impact of
fragment R, however, requires ~1-5 X 10" g of astronomical
silicate. The organics from the blemishes cannot be present at
this point, or else its greater abundance would dominate the
thermal flux, hiding or greatly modifying the 10 um silicate
feature. Furthermore, this mass of silicates, but not the mass
of organics in the blemishes, is consistent with the HST re-
flectances of the impact plumes if the aerosols have radii
~0.1 pm.

In addition to the blemishes, a large expanding ring was
observed for the G and K impacts between 3 and 4 um but
was not detected outside that range. Titan tholin has a strong
absorption edge near 3 um which decays by a factor of 8 by
4 pm. Poly-HCN and Murchison organic residue have similar
but less extreme behavior. If the radiation from the ring is
thermal emission instead of reflected sunlight, this feature is
best explained by a very thin cloud of hot Titan tholin-like
aerosols at the few microbar level. The rings require ~10° g
of material.

The mass of organics required to produce the blemishes is
comparable to the organic abundance expected in the ~10%-g
fragments, assuming cometary composition. However, the high
temperature of the fireball would likely destroy most, if not all,
of the organic matter contained within the fragments. Because
of the low abundance of HCN seen at the impact sites, shock
synthesis of organics from the jovian atmosphere is an improba-
ble production mechanism. Quench synthesis of organics from
cometary dissociation products, though, may satisfy the large
mass requirements. The expanding ring requires a low enough
mass of tholin that the latter is reasonably the result of shock
synthesis, possibly during the splash-back phase. 011997 Aca-
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INTRODUCTION

The whole world watched as ~20 separate fragments
of Comet Shoemaker—Levy 9 crashed into Jupiter in the
summer of 1994. Observations were made of every phase
of the impacts, from entry to debris dispersal. Deciphering
all the data and building a consistent picture of the many
phenomena seen is a major undertaking likely to continue
for many more years, if not decades. One small piece of
the puzzle are the aerosols.

The impacts sent large volumes of hot gas and vapor
thousands of kilometers above Jupiter’s clouds. The Hub-
ble Space Telescope was able to resolve these plumes and
determine that they were weakly reflecting sunlight (Ham-
mel et al. 1995). Solid material was clearly present. When
the plume fell back into Jupiter’s atmosphere, the plume
material was again reheated, producing the strongest peak
in the infrared lightcurves of the impacts. In the best-
studied splash-back event, impact R, solid silicate emission
was detected (Nicholson et al. 1995b).

When Jupiter had rotated enough to bring the impact
sites into view, most of them were surrounded by blemishes
which appeared dark in the visible and ultraviolet, but
bright within methane absorption bands, indicating the
presence of aerosols well above Jupiter’s clouds. The gen-
eral trend was for the brighter (and presumably larger)
fragments to produce larger and more complex blemishes
(Hammel et al. 1995). The smallest fragments produced
no atmospheric features while the largest fragments made
a complex pattern consisting of one or two expanding rings
~1500-4500 km in radii, an interior triangular region ex-
tending from the center of the ring to its southeast edge,
and an exterior 180° crescent extending ~6000-13,000 km
to the southeast of the ring center (Hammel et al. 1995).

Observations of the G and K impact sites in the infrared
detected a bright ring expanding beyond the dark crescent
(McGregor et al. 1996). The ring was seen at 3—4 wm but
not at shorter or longer wavelengths. The flux from the
ring decreased with time until it faded into the background
several hours after the impacts.
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The composition, production mechanism, and evolution
of the aerosols in each of the above stages are unsolved
problems. The solutions may have implications for the
composition of both Shoemaker—Levy 9 and the jovian
atmosphere at the impact sites, as well as for the physics
and chemistry of large airbursts. The primary possibilities
suggested for composition are silicates, sulfur compounds,
and organic matter (West et al. 1995). Nicholson et al.
(1995b) successfully identified silicates in their observa-
tions of the splash-back phase, but West et al. (1995) found
silicates incompatible with the observations of the blem-
ishes. Indeed, none of the materials examined by West et al.
appeared viable. Here we consider the ability of organic
matter—either delivered by the cometary fragments (in-
tact or reprocessed in the fireball) or synthesized in airburst
shock waves—to explain the observations of each phase
of the impact, trying to tie together our results into a
consistent picture.

BLEMISH AEROSOL COMPOSITION

Several groups have modeled the scattering properties
of the Jupiter blemishes and estimated the imaginary part,
k, of the complex refractive index, m, of the aerosols: West
et al. (1995) derived k at 5 wavelengths in the range A =
0.275-0.89 wm; Moreno et al. (1995) and Muiioz et al.
(1996) independently confirmed the imaginary refractive
index in the same wavelength range; Yelle and McGrath
(1996) added a value for k at 0.2 um; Ortiz et al. (1995)
added k at 1.7 and 2.3 um; and Rosenqvist et al. (1995)
modeled their own and other’s observations of the hazes
to estimate k at 2.14, 3.9, and ~10 um. There appear to
be problems with the Ortiz et al. and Rosenqvist et al.
models, however. Ortiz et al. derived k from observations
within deep methane absorption bands where scattered
light is coming from the highest region of the haze which is
extremely optically thin (7= 0.01). Even for very absorbing
particles, the methane will be absorbing 100 times as much
radiation, so Ortiz et al. should not be able to place any
constraints on k at these wavelengths. The 2.14 um result
of Rosenqvist et al. suffers the same problem and the 3.9
um value comes from an uncalibrated observation. Given
these problems and the fact that their 10 wm calculation
of k cannot be confirmed because their reference is a 1995
DPS abstract which does not report the necessary observa-
tions, we have little trust in the 10 um datum as well. We
therefore reject the Rosengqyvist et al., as well as the Ortiz
et al., results entirely. For completeness, though, they are
plotted with the other k values in Fig. 1.

Each group adopts or derives a particle radius ~0.15-0.3
pm for the aerosols. Because the particles are comparable
in size to the shorter wavelengths being modeled, their
scattering and absorption behavior will be strongly depen-
dent on particle size, shape, and structure. Modeling them
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FIG. 1. The imaginary refractive indices of the blemishes compared

to those of six materials from 0.2 to 10 wm. Blemish data longward of 1
um are thought unreliable. Murchison residue provides the best fit to
the visible data. In contrast, each tholin is too red; poly-HCN is too
absorbing; and astronomical silicate is too neutral. [Solid triangle, Yelle
and McGrath (1996); open triangles, West et al. (1995); solid squares,
Moreno et al. (1995); open squares, Ortiz et al. (1995); crosses, Rosenqvist
et al. (1995).]

with Mie scattering theory, which assumes homogeneous
spheres, introduces systematic errors, so the uncertainties
in k are likely larger than reported.

Comparison of the above models to several sulfur com-
pounds and astronomical silicate and graphite reveals poor
matches to k() in both absolute value and wavelength
dependence (West et al. 1995). Polymerized hydrogen cya-
nide (henceforth poly-HCN) crudely follows the visible
wavelength-dependence but is too absorbing by a factor
of ~3 (West et al. 1995).

In Fig. 1, we compare the imaginary refractive indices
of the aerosols to those of six astronomically interesting
materials, including two atmospheric organic tholins, mete-
oritic organics, and astronomical silicate. Due to the diffi-
culty of working in the laboratory with true jovian-like
conditions, the production procedures for the organic sol-
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ids do not accurately recreate the conditions expected dur-
ing or after the SL-9 impacts. Our selection of materials
is driven mostly by what is available, not by relevance of
the production mechanisms.

Tholin « is a dark organic solid produced by charged-
particle irradiation of a gas of composition 3% CH,, 25%
He, and 72% H, (Khare et al. 1987) and may resemble
shock-synthesized organics produced in the jovian atmo-
sphere. Its optical constants have been measured only over
a narrow wavelength range (0.4-2.5 wm), so we include
Titan tholin to represent all atmospheric tholins. Titan
tholin is an organic solid made by plasma discharge through
a 9:1 N,: CH, atmosphere, simulating the observed atmo-
sphere of Titan. Titan tholin’s optical constants (Khare et
al. 1984) match within the probable error the ultraviolet,
visible, and near- and middle-infrared spectrophotometry
of Titan (Sagan et al. 1992). Ice tholin is the organic residue
produced by charged-particle irradiation of a 1:6
C,Hs: H,O ice mixture (Khare et al. 1993). Because ice
tholin should resemble the residue from irradiated CH,/
H,O mixtures (Khare et al. 1993), ice tholin may be abun-
dant in comets. Murchison organic residue is the water-
insoluble organic residue from the Murchison Type-II car-
bonaceous chondrite (Khare et al. 1990, Khare, B. N., C.
Sagan, W. R. Thompson, E. T. Arakawa, C. Meisse, 1.
Gilmour, and P. S. Tuminello, in preparation). Murchison
organics may represent the primordial organic matter from
some mix of circumstellar, interstellar, nebular, and mete-
orite parent body processes accreted by both asteroids
and comets (Khare ef al., in preparation). Poly-HCN is an
organic solid produced from HCN and has been suggested
to be widely distributed through the outer Solar System
(Matthews 1992, Wilson et al. 1994, Wilson and Sagan
1995), including explicitly the dark blemishes on Jupiter
(Matthews 1994). Astronomical silicate is a model of inter-
stellar silicate grains derived from emission and absorption
profiles of grains in molecular clouds and circumstellar
dust shells (Draine and Lee 1984, Draine 1985). Although
more accurate and complete refractive index data are avail-
able for terrestrial silicates (cf. Roush et al. 1991), these
materials have 10 um absorption bands that are much
narrower than that of astronomical silicate.

Murchison residue is by far the best match to most of
the data, but is a factor of a few too absorbing at 0.2 um.
An even better fit can be obtained by assuming porous
aerosols which will lead to lower “effective” refractive
indices. A 50% porosity (i.e., internal void space) would
be ideal and easily obtained by the coagulation of small
0.1 um particles to form the observed 0.15-0.3 wm aerosols.
Porous poly-HCN aerosols would likewise counter poly-
HCN’s greater absorption, but the porosity would need to
exceed 80% to do as well as Murchison residue. Porosity
will also lower the real part, n, of the aerosols’ refractive
index which will alter their scattering properties. For the
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desired porosities of Murchison and poly-HCN aerosols,
n =~ 1.1-1.2. The aerosol models have all assumed n = 1.4
or 1.7. It is unclear whether the significantly lower values
of n would in turn significantly affect the modeled values
of k.

None of the tholins come close to matching the data—
they all have too steep a slope in the visible.

The volume of the aerosols has been calculated by West
et al. (1995) and Banfield et al. (1996), but they obtained
rather different values. Based on the optical depths of the
haze measured in the visible, West et al. summed up all
the aerosols from all the impacts, finding a total volume
~5.6 X 10'* cm?. Banfield er al. did likewise for their obser-
vations in the near infrared, but in calculating the aerosol
scattering efficiency, they mistakenly used the small-z limit:
(n — 1) << 1. Since they assumed aerosols with n = 1.4
(from West et al.), they should have used the small-particle
scattering equation for (n — 1) =~ 1. This results in a factor
of 4 increase in their derived volume. Their total aerosol
volume, when corrected, is ~4.4 X 10" cm?, nearly a factor
of 10 greater than West et al.’s.

Light can be shed on this discrepancy, since Banfield et
al. also reported the volumes of the aerosols in individual
impact sites, so their values can be compared to the Moreno
et al. (1995) model of the H impact site. Banfield et al.
assumed 0.25 um aerosols with n = 1.4, whereas Moreno
etal. assumed n = 1.7 and derived an aerosol radius of 0.15
pm. Using the Moreno et al. aerosol properties, Banfield et
al.’s observations resulted in a mean particle density of
2.4 X 10° cm™2 spread over an area of 1.3 X 10 cm?,
giving a total volume of 4.4 X 10'* cm? Moreno et al. only
looked at the core of the blemish, finding a particle density
of 82 X 10° cm™2. Hammel er al. (1995) classified the H
impact as medium-sized with a blemish extending out to
4000-8000 km. Given the arc’s asymmetry and the absence
of material between the core and arc, the blemish itself
covers <5 X 10'7 cm?. Although this is significantly smaller
than the area measured by Banfield et al., the latter ob-
served several days later, by which time the blemish had
spread due to winds. Applying Moreno et al.’s particle
density from the core to the entire blemish, the maximum
aerosol volume is ~6 X 10" cm?. This is much less than
the Banfield et al. volume, but is consistent with the volume
expected from West et al. for a medium-sized blemish. We
thus reject Banfield et al.’s volume calculations.

Fifteen impactors produced observable blemishes
(Hammel et al. 1995), so the average blemish contained
~4 X 10" cm? of aerosols. Organic solids have densities
~2 g cm~3, For porosities up to 90%, a typical blemish may
contain ~0.8-8 X 10" g of material.

PLUME AEROSOL COMPOSITION

Nicholson et al. (1995a, 1995b) performed narrowband
photometry at 3.2 um, broadband photometry at 3-5 wm,
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and low-resolution spectroscopy at 8—13 um near the peak
brightness of impact fragment R. Friedson et al. (1995)
also obtained photometry of impact fragment R at 7.85,
10.3, and 12.2 um. Sprague et al. (1996) obtained additional
spectra of the R-impact plume at 6-9 wm. [These observa-
tions were obtained with the High Efficiency Faint Object
Grating Spectrograph (HIFOGS) on the Kuiper Airborne
Observatory (KAO). The spectra actually cover the region
4.8-9.5 um, but these data have not been published yet.
The HIFOGS KAO observing team (Sprague et al. 1996)
has supplied us with these additional data which we have
included in sampled form in our modeling.] Graham et al.
(1995), McGregor et al. (1996), and Meadows et al. (1995)
also observed the R-impact plume at 2.3 um. Each of these
sets of data is plotted in Fig. 2.

Several disagreements are present between different ob-
servation data sets. Graham et al. and Meadows et al. ob-
tained peak brightnesses for 2.3 um that differ by a factor
~6. Graham et al. reported that their detector was being
saturated during the ~5 min surrounding peak brightness,
but that they recovered photometry during this period by
modeling the unsaturated pixels in the wings of the point-
spread function. Although they are confident in their re-
sults, there is likely a sizable uncertainty in their reported
peak brightness. McGregor et al. reported a flux in between
those of Graham et al. and Meadows et al, but, like
Graham et al., their detector was being saturated.
McGregor et al. did not try to correct their measure-
ments, however.

The spectra at peak brightness from Nicholson et al
(1995b) and Sprague et al. also differ by a factor ~3 in the
region of overlap: 8-9.5 um. Friedson et al’s 7.85 um
observation is ~40% greater than Sprague et al.’s, and all
their observations are 1.5-2 times lower than Nicholson
et al.’s (1995b). The Nicholson et al. (1995b) spectrum was
obtained at Palomar while Jupiter was near the horizon
at an airmass ~3, whereas the Sprague et al. spectrum was
taken on the KAO and the Friedson et al. observations
were made at the IRTF in Hawaii. Due to an “‘ideally
situated” standard star, Sprague et al. claimed an accuracy
of a few percent in their absolute fluxes. Nicholson et al.
(1995b) did not observe precisely at peak brightness, so
they used the 3-5 um lightcurve from Nicholson et al.
(1995a) to scale upward a spectrum taken 2 min before
the peak. Sprague et al. compare their observations to the
Nicholson et al. (1995a) 3-5 wm lightcurve and find a
slightly earlier time of peak brightness in their data, so the
Nicholson et al. (1995b) correction may not have been
necessary, or at least not correct. This correction, however,
amounted to only ~65%. Because the shapes of the spectra
are more important than the absolute fluxes for modeling
aerosol compositions, we rescale the Sprague et al. and
Nicholson ef al. (1995b) data to more or less coincide with
the intermediate Friedson er al. data (see top of Fig. 2).

WILSON AND SAGAN

r ! I R B ]
S Astro. Sil. (r<<ium) T, = 600 K 4
~F ---- Murchison E

Eoo Poly—HCN V, = 3x10" cm?® ]
) - -
o I . : ; ."'_
oL [ =

—~"F 5 /i ]

2 f /i ]

=L ; s« and * rescaled to © i

- /

W oz ! | T N

s SF ' L L R E

A f Ice Tholin ]

x + ——-- Titan Tholin o x XXX x 1

B Astro. Sil.(r=10um) % s 1

[EIR—. a o x
SF — O L E

E . e 4 x 3

- A IA A\ !

r aba 8% 2 AN 1

L i SO K
© . ! e Ima T T T~
oL [ ~T ~
= 3 and x unscaled

i I

2 6 8 10 20

Wavelength (um)

FIG.2. Comparison of thermal emission from aerosols of five materi-
als at 600 K and total volume 3 X 10!! cm® to peak flux observations of
impact R. Emission from larger 10 wm astronomical silicate particles is
also plotted. Error bars are plotted only for the 4 um point to indicate
that it is a broadband measurement and has a much larger calibration
uncertainty than the other points. All the observations shortward of
5 wm though are likely contaminated by methane gas emission. Only
small astronomical silicate particles have a 10 um feature able to match
the Nicholson et al. (1995b) data. None of the organic materials when
added to the silicates improve the fit at other wavelengths. [Solid triangle,
Meadows et al. (1995); solid circle, McGregor et al. (1996); open square,
Graham et al. (1995); solid squares, Nicholson et al. (1995a); open trian-
gles, Sprague e al. (1996) and A. Sprague (personal communication,
1997); open circles, Friedson et al. (1995); crosses, Nicholson et al.
(1995b).]

This simply results in a factor ~2 uncertainty in the aerosol
volume present.

Using Hubble Space Telescope (HST), Hammel et al.
(1995) observed the rise and collapse of the plumes for
impacts A, E, G, and W. Assuming these were similar to
the R-impact plume, the HST observations at the time of
peak brightness in the infrared can provide an additional
constraint on the thermal emission of the aerosols. Only
the E-impact sequence used long enough filters (A = 0.9
um) to be sensitive to the likely temperatures during the
splash-back phase. The flux measured in one image was
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~107° Jy and clearly due to reflected sunlight. A second
image taken 3 min later was likely nearer the peak bright-
ness, but the plume’s brightness was not reported for this
image. The second image is much brighter than the first,
but part of this is because its exposure time was twice as
long; a different filter was also used. Although uncertain,
the plume’s peak brightness at 0.9 um was probably not
much greater than 107> Jy. Thermal radiation from the
aerosols needs to be less than this.

The observed radiation from the plume is not exclu-
sively, nor possibly even primarily, due to solid particles.
Hot gases in the plume will also radiate. Sprague et al.
identify both H,O (6.45 and 6.62 um) and CH, (7.2-8.2
pm) line emission in their spectra. Methane will likewise
be a strong emitter at 2.3 and 3.3 wm which coincide with
all the near-infrared observations listed above. These data,
therefore, are poor constraints on possible aerosol proper-
ties. At best, assuming optically thin gas emission, which
is suggested by the sharp peak of the 7.7 um methane band
(i.e., the line is unsaturated), the observations below 5
pm represent upper limits to aerosol emission. Further,
because of the strength and width of the 7.7 um emission
band and the additional presence of H,O lines, most of
the Sprague et al. spectrum may likewise be upper limits
on continuum emission from the aerosols.

The thermal flux from an optically thin cloud of Rayleigh
particles is given by F,(A, T,) = Q7,eB,(A, T,), where ) is
the solid angle of the emitting region, 7, is the mean geo-
metric optical depth of the cloud, and ¢ is the emissivity
which is equivalent to the Rayleigh absorption efficiency,
0,. Because the emissivity depends (linearly) on particle
size, we cannot solve for 7, independent of the particle
radius, r. However, we can remove the particle size depen-
dence in the flux calculation by relating 7, to the total
aerosol volume: V, = $r7,Q0A% where A = 8 X 10" cm is
the Earth—Jupiter separation, giving

3Va QA

FV(A’ Ta) = 4A2 TBV(/\’ Ta)’ (1)

which, because Q4 o« r, is independent of r for r < A.

Nicholson et al. (1995b) have rather convincingly identi-
fied silicates in the plume. Because none of our organic
materials have a 10 wm emission feature, we treat silicate
as arequired material and fit it to the data first. At tempera-
tures above 600 K, the flux from silicate grains will exceed
the flux seen by HST at 0.9 um. Below ~350 K, the fit to
the 10-um feature becomes very poor. The aerosol volumes
required at these two temperatures are 3 X 10" and
1.6 X 10 cm?, respectively. Figure 2 plots the thermal
spectra of the materials from Fig. 1 (except for tholin «)
at 600 K. For easy comparison the silicate volume is also
used for the organic materials.

The aerosol volume and spectra are calculated assuming

211

Rayleigh particles. This may not be the case for the sili-
cates. For a high enough silicate concentration, West et al.
(1995) expect silicates to condense out of the cooling fire-
ball and plume with particle sizes of 10 um or larger.
Fitzsimmons et al. (1996) further indicate that 1-100 wm
silicate grains will form during the early stages of plume
development, while larger grains, >500 um, will condense
within the cooling fireball. These large particles, however,
radiate approximately as blackbodies. The 10 wm emission
feature disappears, since variations in k no longer alter the
particle albedo—the particles are already optically thick
to radiation. The thermal flux from ~10 wm silicate parti-
cles is also shown in Fig. 2.

At 600 K (see Fig. 2), aerosols contribute very little
radiation in the near infrared, and this drops quickly with
decreasing temperatures. Gas emission must be the pri-
mary source of the radiation. The 2.3 and 3.3 um methane
emission bands ought to be of comparable strength (Strong
et al. 1993). This is not consistent with the low 2.3 um
fluxes measured by Graham et al. and McGregor et al., but
is consistent with the Meadows ef al. measurement.

None of the materials adequately match all of the
Sprague et al. data, but most of the disagreement is due
to gas emission at 6-8.5 um as stated earlier. The 4.8-6
pm data appear to be continuum emission and would be
well matched by a material with constant emissivity and
at 700-800 K, but aerosols at such temperatures will be
far too bright at 0.9 um. Murchison comes close to the
right slope at 600 K, but it contributes too much radiation
beyond 11 um. Astronomical silicate is also very neutral
and featureless at these wavelengths. Large-grain silicates
in sufficient quantity, ~10'? cm®, come very close to the
data as can be seen in Fig. 3 which plots a model containing
both small and large silicate aerosols. The inclusion of
large-grain silicates degrades the fit to the 10-um feature
at long wavelengths and does not quite reach the 4.8—-6
pm continuum level, but it comes very close, especially
considering the large discrepancies seen between data sets.
The temperature of this model is very tightly constrained.
At temperatures above 580 K, the 0.9 um flux limit is
exceeded and below 580 K the fit quickly degrades both
shortward of 6 wm and longward of 11 um. Alternatively,
there exists a factor of ~3 uncertainty in the emissivity of
astronomical silicate at 1-5 wm (Draine and Lee 1985), so
it also may be possible that small-grain silicates can explain
the continuum emission by themselves.

The silicate mass for T, = 350-600 K is ~1-5 X 10'? g
with the higher masses corresponding to lower tempera-
tures. A similar mass of large silicate grains, r > 10 um,
could be present without being detected. If organic matter
is present, it has <10% the silicate abundance.

Hammel et al. (1995) reported a reflectance of I/F =
0.038 for the E-impact plume. Whereas HST is seeing all
the aerosol particles present in the plume, the thermal
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FIG. 3. Thermal emission spectrum of a cloud containing both small

and large silicate grains at 580 K. The fit to the 10-um feature is degraded
by the inclusion of the large grains, but now the 4.8-6 um data are
reasonably matched (cf. Fig. 2). Temperatures above 580 K would im-
prove the model but then the flux at 0.9 um would exceed that measured
by Hammel et al. (1995). The fit quality quickly worsens at lower tempera-
tures.

infrared observations are primarily sensing those particles
taking part in the splash-back at a given time. However,
the HST observation was taken several minutes prior to
the splash-back phase, so condensation of aerosols was
likely still occurring. It is thus difficult to say how the
aerosol volume and composition in the plume compare to
those in the splash-back phase or later in the blemishes.

An optically thin cloud of aerosols has a reflectance
I/F = 7,Q,P(c)/4, where T, is the mean geometric optical
depth, Q; is the particle scattering efficiency, and P(«) is
the particle phase function which for Rayleigh scattering
at o = 0 has the value 1.5. Assuming a silicate aerosol
volume of 3 X 10" cm? in a 2 X 10° km? plume, aerosols
with r = 0.1 um reproduce the HST reflectance with a
scattering optical depth 7,0, = 0.1. A comparable volume
of large silicate grains would not contribute significantly
to the plume’s reflectance. Alternatively, if we use the
aerosol volume seen in the blemishes (4 X 10" ¢cm?), but
scaled down by a factor of 4 to crudely account for the
area of the plume still in shadow and material not carried
up in the fireball, with 0.25 wm aerosols the plume should
be optically thick and extremely reflective. To hide this
much material and still be consistent with the infrared
observations, the aerosols need radii =200 um. It seems
more likely that the organic matter simply had not
formed yet.

3-pm-RING AEROSOL COMPOSITION

McGregor et al. (1996) observed the G- and K-impact
sites in the near infrared for several hours after the impacts
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and in both cases they detected a bright ring expanding
beyond the range of the dark blemishes seen in the visible.
By the end of Jupiter’s first half-rotation the rings faded
from view and had radii =15,000 km. The rings were de-
tected in several filters between 3 and 4 um but not at 2.3
wm. Figure 4 plots the flux spectra of these rings. Because
the fluxes decrease with time, measured fluxes for each
impact have been interpolated to the time of the first obser-
vation in the 3.99 um filter: 50 min post-impact for G and
35 min for K. These observations encompass the strong
3.3 wm methane absorption band, but the data are not
consistent with methane emission. The observed emission
peak is at 3.08 wm and no emission was seen at 2.3 um
which is also a strong methane band. The rapid drop in
flux away from the maximum at 3.08 um requires the pres-
ence of a material with a very steep change in refractive
index in this region.

Many organic solids have an absorption band of varying
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FIG.4. Comparison of thermal emission from aerosols of five materi-
als with the flux spectrum of the expanding ring seen following the G
and K impacts. Primarily because of its large jump in emission efficiency
at 3 wm, Titan tholin does the best of all the models. Poly-HCN also
does a fair job. [All data from McGregor ef al. (1996). Solid squares, G
impact; open squares, K impact.]



ORGANIC MATTER IN SL-9 IMPACT BLEMISHES

strength at 3 um. If the radiation from the ring is due
to thermal emission instead of reflected sunlight, organic
materials can explain this feature. Model flux spectra for
the listed temperatures and aerosol volumes of the 5 pri-
mary materials from Fig. 1 are plotted in Fig. 4. Titan
tholin is by far the best match. Poly-HCN does a fair job
but does not have a steep enough dropoff in flux away
from 3 um.

Given the high temperature and low optical depth re-
quired to explain the ring, the aerosols should radiatively
cool to ambient temperature almost instantly; yet these
spectra were obtained 15-30 min after the strong shock-
heating of the atmosphere due to the re-entry of ejecta.
To have an optically thin cloud retain a temperature of
~1200 K for >15 min after the last large thermal event,
the aerosols need to be thermally coupled to the sur-
rounding gas which has many orders of magnitude more
heat capacity.

At the given temperature and aerosol abundance for
the Titan tholin model distributed in a ring ~10,000-15,000
km in radius, the ring will be radiating at ~550 erg cm 2
sec”!. An ideal H, atmosphere has a heat capacity of 6 X
10%(P/1 ubar) erg K™! cm™2, where P is the atmospheric
pressure at which the aerosols are located, so the gas will
be cooled at a rate 33(1 wbar/P) K hr~'. Therefore, the
aerosols must be located at P = 0.1 ubar.

Furthermore, the gas must be able to conduct heat to
the aerosols as fast as the aerosols radiate it, which requires
a higher gas temperature, 7T,. This heat conduction is
given by

E = nvr,Au, 2)
where 7 is the number density of the atmosphere, v is the
mean velocity of particles, 7, is the geometric optical depth
(i.e., areal filling factor), and Au is the energy transferred
to an aerosol during each impact which should be at most
the difference in a molecule’s thermal energy at the two
temperatures. Inserting the various thermodynamic quan-
tities and dependency of 7, on aerosol volume and size,
r, gives

P 1 pm
- |
E =0.35ergcm*sec (1,ubar>< p >
1K\"(T,—1200K
XN\ = — .
T, 1K

This needs to be greater than 550 erg cm 2 sec™! to balance
the outgoing radiation. Solving for P gives

®3)

o\ Te\"” ( 1K
> —_— —_ ).
P> 1600 pbar (1 ,um) <1 K) T,— 1200K @)
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An upper limit can also be placed on P by the need to heat
a large amount of atmosphere to a very high temperature.
Assuming the entire kinetic energy of a 10'*-g impactor
were available to heat a 15,000-km radius cylinder of gas
down to a pressure of P,

P <7000 ubar <£> (5)

Ty

These two inequalities do not overlap for r > 0.05 wm.
For T, = 1300-2000 K, the aerosols must have r < 0.01-
0.04 um and be located at a few microbar. There is contra-
dictory evidence for the size of the Titan tholin aerosols
on Titan with radii ranging from 0.03 to 0.5 um suggested
(cf. Toon et al. 1992), although r must certainly be a func-
tion of altitude. Under the extremely low pressures at the
jovian impact sites, aerosols smaller than 0.03 um may
condense out.

This calculation is the best-case scenario: the entire im-
pactor’s energy goes into heating the atmosphere and the
excess thermal energy of gas molecules gets transferred
with perfect efficiency to the aerosols. Less efficient pro-
cesses make both inequalities become more restrictive. To
maintain overlap, the aerosols need to be even smaller,
approximately by the product of the two (in)efficiencies.
Very modest inefficiencies drive the aerosol radii below
the size of individual molecules (~nm). Use of poly-HCN
instead of Titan tholin, because of the lower aerosol vol-
ume (and optical depth) required, fares even worse in
this calculation.

The primary cause of this difficulty is the high tempera-
ture required of the aerosols which is determined by fitting
the thermal emission of Titan tholin to the 3—4 um observa-
tions of the ring. Titan tholin itself is highly unlikely to be
the actual organic produced on Jupiter, since Titan tholin is
producedina9:1N,: CH, atmosphere. This is far removed
from the jovian environment. The true jovian tholin will
still need to have a well-defined 3-um feature, but its exact
values will differ. If its emissivity drops at longer wave-
lengths faster than Titan tholin, a lower temperature will
be possible. In addition to not needing as hot an atmo-
sphere, the aerosol optical depth will significantly increase,
improving heat conduction.

COMETARY DELIVERY OR IN SITU SYNTHESIS?

The silicates observed in the blemishes must come from
the impact fragments. The organic matter, however, could
be either (1) deposited by the impacting object, (2) quench-
synthesized from cometary dissociation products, or (3)
shock-synthesized from the jovian atmosphere. To deter-
mine the feasibility of these three models we estimate
the quantity of organics available from these sources and
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compare it to the masses calculated in the previous sec-
tions.

Although there remains significant uncertainty in im-
pactor sizes, models are converging on ~500-m-diameter
fragments with the larger fragments having masses of ~10*
¢ (Asphaug and Benz 1996). Assuming a cometary compo-
sition of 20-25% organic matter (Chyba et al. 1990,
Greenberg and Hage 1990), up to ~2 X 10" g of organic
matter will be delivered by an impactor. This is within the
range needed to produce the blemishes if the aerosols
have porosities =80%. However, the organic matter must
survive the airburst and the high temperatures of the rising
plume. The hardiest organic materials are unable to survive
temperatures above 2000 K for more than 1 sec (Chyba
et al. 1990). The temperature of the fireball was initially
T = 10* K (Martin et al. 1995) and remained above 2000
K for =15 sec (Carlson et al. 1995), so only a small fraction
of material (perhaps that ablated off the fragments well
before the actual airburst) would be expected to avoid
destruction. To survive the fireball and be seen, the object
would need to fragment into pieces small enough to be
carried upward by the hot rising gases, but large enough
to survive evaporation until the temperature drops signifi-
cantly below 2000 K, thereby protecting the inner material.
Although observations of the plume and splash-back are
consistent with ~4 X 103 cm?® of matter in the form of
>200-um particles, it seems highly improbable that so
much of the impactor could escape vaporization and that
each grain would then on re-entry shatter into ~10° 0.25-
pm aerosol particles.

Cometary material that is vaporized and dissociated in
the fireball will recombine into new products as the rising
plume cools. Laser-pulse heating of meteorites suggests
that most of the impactor’s carbon will be converted to
CO and CO,, regardless of the surrounding atmosphere
(Mukhin et al. 1989). About 20% of the carbon will end
up in hydrocarbons, of which ~5% will contain 3 or more
carbon atoms (Mukhin ef al. 1989). A vaporized 10'-g
comet can thus produce ~10'2 g of heavy hydrocarbons
and organics. This is less than the =10'* g needed for the
blemishes, but there are large uncertainties in extrapolat-
ing the experimental data to the SL-9 impacts. Laboratory
experiments can produce only very-short-duration and
low-mass-vapor events. Mukhin et al. used laser pulses of
~1073 sec duration which vaporized ~10 mg of meteoritic
material. The chemistry within the vapor plume of a 10'-
g comet cooling over a period of minutes is likely to differ
in both species production and conversion efficiency. Un-
like the preceding case of organics surviving the airburst
and fireball, the quench—synthesis mechanism is certain to
contribute some organics.

When the impactor airbursts, its kinetic energy goes into
a shock wave that heats the surrounding atmosphere and
converts some of the methane and ammonia into complex

WILSON AND SAGAN

organic matter. Shock synthesis of organic matter in a
reducing atmosphere is a highly efficient process (Bar-Nun
et al. 1970). The relevant laboratory experiments simulat-
ing shock synthesis of organic solids in a jovian atmosphere,
though, have not been performed. The most analogous
experiment that has been performed is the charged-particle
irradiation of a near-jovian atmosphere composed of 85%
H,, 13% He, 1% CH,, and 1% NH; which gives a tholin
production efficiency of n = 1071 g erg™! (McDonald et
al. 1992). Laser-induced plasmas, which create conditions
similar to those of shock waves, are several times more
efficient than charged-particle irradiation at producing gas-
eous organic molecules (Scattergood et al. 1989). Assuming
this also applies to production of the organic solid, the
shock-synthesis value of n could be ~3 times larger. Fur-
ther, because the methane and ammonia in the McDonald
et al. (1992) experiment are overabundant by factors of
~10, the true jovian n will be lower than that measured.
The production of complex organic matter scales with
methane abundance as ~X;, (Thompson et al. 1987,1994,
Khare et al. 1987), so the final production efficiency is
estimated as p =~ 107!° g erg~!. There remains considerable
uncertainty in this estimate, though. Given the much higher
energy and longer cooling time scale in the jovian shock
wave than those simulated in the lab, 1 could easily be off
by a factor >10. The introduction of other species, perhaps
acting as catalysts for certain reactions, from the impactors
further complicates the issue.

The energy of a 10'*-g impactor striking Jupiter at 60
km sec™! is 2 X 10?7 erg. The mass of tholin possibly pro-
duced is, therefore, ~2 X 10'2 g. This is insufficient mass
to produce the blemishes. Furthermore, in an atmosphere
highly diluted with H, and He, organic solids are not the
most abundant product of shock synthesis. In fact, almost
1000 times more gaseous organic molecules should be pro-
duced than solids (McDonald et al. 1992), a large fraction
of which is likely to be in the form of HCN gas (Scattergood
et al. 1989). Theoretical models of shock synthesis place a
strong upper limit of 4 X 107!6 g erg™! for the production
efficiency of HCN in a jovian atmosphere (Lewis 1980).
This is consistent with the <10'? g of HCN observed in
individual impacts (Marten et al. 1995, Bezard et al. 1997).
If there is no very efficient conversion of HCN to organic
solids (e.g., poly-HCN), only ~10° g of organic solids may
be produced. Although this is vastly insufficient to produce
the dark blemishes, it is very close to the mass of either
poly-HCN or tholin required to explain the bright ex-
panding ring.

DISCUSSION

In this study we have used observations of the plume,
the thermal pulse during ejecta re-entry, the post-impact
blemishes, and the large expanding ring seen only in the
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infrared to search for clues about the composition of the
aerosols seen at each phase. Small silicate grains are ade-
quate to explain the solar reflectance of the initial plumes
and the 10 wm feature seen at peak brightness. The aerosol
size required to explain both observations, given a total
volume 3 X 10" cm?, is r = 0.1 wm. At temperatures
consistent with the low flux of the E plume at 0.9 um,
these aerosols cannot reproduce the fluxes measured below
8 um. Most of these observations, however, coincide with
methane and water vapor emission bands. Adding ~10'2
cm? of large-grain (>10 um) silicates, or adopting an emis-
sivity for the small-grain silicates ~3 times greater than
used here, produces a fair match to the continuum emission
seen at 5—-6 wm.

Murchison organic residue is an excellent match to
the well-sampled imaginary refractive index data of the
blemish aerosols from 0.3 to 1.0 wm. Poly-HCN may
likewise work but the aerosols need to be highly porous,
perhaps due to coagulation of the initial condensation
nuclei. Poly-HCN may be expected as a product from
the shocked jovian atmosphere, but probably not in
sufficient quantities. Alternatively, Fischer—Tropsch-type
reactions within the cooling fireball may be a source
of organics (G. Field, personal communication, 1995).
Although it has been hypothesized that Murchison organ-
ics were produced by Fischer-Tropsch reactions in the
solar nebula (Hayatsu and Anders 1981) and therefore
may be a good analogue for the organics produced in
the plume, isotopic and molecular discrepancies have
brought this proposed origin for meteoritic organics (Cro-
nin and Chang 1993) into serious question. Thus we
cannot test this hypothesis using spectrophotometry of
the blemishes.

For an impactor mass of 10'* g, none of the three meth-
ods seems quite capable of producing the blemishes. Al-
though cometary fragments contain enough organic matter
and will deliver into Jupiter’s atmosphere at least an order
of magnitude more organic material than can be shock-
synthesized from the atmosphere or quench-synthesized
from the cooling fireball, the intense heat of the fireball
seems likely to destroy most of the indigenous organics.
Given the extraordinary match between Murchison or-
ganic residue and the aerosol optical constants, it is tempt-
ing to believe that somehow indigenous cometary organics
survived the fireball, but the contortions required are too
great. The failure of atmospheric tholins to model the
aerosols and the extremely low HCN abundance seen at
the impact sites also serve as significant obstacles to a
shock-synthesized origin. Quench synthesis falls an order
of magnitude short of the blemish masses, but given
the extrapolation of laboratory data over 16 orders of
magnitude in mass and 5 orders of magnitude in time,
an uncertainty of one order of magnitude seems quite
modest.
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