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ARTICLE INFO ABSTRACT

Article history: The Deep Impact mission discovered repetitive outbursts on Comet 9P/Tempel 1 and the presence of
Received 6 August 2008 several smooth terrains on its surface. We present new measurements of the extent of the smooth
Revised 15 November 2008 terrains, the slopes along their centerlines, and the areas of their likely source regions. Our analysis of
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Available online 6 December 2008 these features indicates that they are <700 orbits old and probably the result of an ongoing process.

The implications of the recently found locations of the source regions of the repetitive outbursts
Keywords: are also analyzed. We propose that the origins of these phenomena are in the different regimes of
Comets, nucleus fluidization and gas transport in a weakly bound particulate mixture of ice and dust above an assumed
Geological processes amorphous/crystalline H,O phase change boundary where CO and/or CO, gas is released. The depth of
this boundary is estimated to lie between 30 and 100 m below the surface. The smooth terrains are
visualized as occurring about once every ~70 orbits at random locations of the nucleus where a spurt
in CO production occurs over a limited region of the phase change boundary. The weak (tensile strength
~10% Pa) crystalline and dust overburden is locally ruptured and fluidized by the CO gas pressure and is
then extruded onto the surface at speeds of ~0.003-0.03 m/s, well below the escape velocity of 1.3 m/s.
Once on the surface a base pressure of only 2.5 Pa is required to ensure fluidization of the extruded
material and it can remain fluidized for typically ~20 h against diffusive loss of CO. As the material
accelerates down the local topography it deflates due to diffusive gas loss. The flow becomes increasingly
viscous until it is no longer fluidized at which point it quickly halts forming a terminal scarp. The mean
speed of the laminar flow is estimated at 0.3 m/s for an emplacement time of ~3 h. Topographic features
on the flow >0.3 m in size should become fully relaxed during the emplacement time explaining the
smooth texture seen in the images. In contrast, the repetitive outbursts require a gas-laden reservoir
to have formed in the vicinity of the phase change boundary well below their preferred location. We
visualize the outbursts to be the result of either spouting or bubble transport to the surface where the
release of gas is diurnally modulated by either thermal stresses or H»O sublimation back pressure. The
source region for the i2 smooth terrain is found to coincide with an H;O-ice rich area and we propose
that the process of elutriation, i.e., the separation of different classes of particulates depending on their
drag properties, occurs in the fluidized material as it flows up to and through the surface. In this way
the material becomes enhanced in HO crystals relative to siliceous and carbonaceous particulates.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction the flow velocity to be lower than the surface escape velocity of
1.3 m/s, the kinematic viscosity of the material involved must be
relatively high at >2.5x10~3 m?/s. In addition the flow must have
had a high Reynolds number (~10%) and was therefore turbulent.
Basilevsky and Keller (2007), believing that eruption of materi-

At least four ideas have been put forward regarding the origin
of the smooth terrains discovered on the surface of 9P/Tempel 1 by
the Deep impact mission. Thomas et al. (2007) in their survey of
the geology of the surface topography regarded them as the result als from an active interior is improbable, suggested that a geophys-
of “very” fluid flows of material that have been recently emplaced ical planation process was at work: perhaps a “sublimation driven
on the surface. Gougen et al. (2008) have pursued this idea and collapse of relatively steep slopes and the avalanche distribution of

pointed out that if these features are shear flows then, in order for the collapsed material within the lows.”
Bar-Nun et al. (2008), after dismissing downhill ice creep and

sliding as possible explanations, have suggested that the smooth
* Corresponding author. Fax: +1 520 795 6220. terrains are the result of the deposition of ice grains that were
E-mail address: mjsbelton@beltonspace.com (M.].S. Belton). released in a collimated ejection during a massive, but quiescent,
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outburst of gas. They envisage that the ice particles are collimated
by channels that open up during the outburst and connect the sur-
face to a region in the interior where gas-laden amorphous ice is
first annealed and then crystallized in an exothermic phase change.

A quite different kind of explanation was put forward by Belton
et al. (2007) who included the smooth terrains in their “talps” hy-
pothesis on the origin of extensive layering seen on the surface.
They proposed that they are recently exhumed (by sublimation)
primitive layers that were originally laid down during the forma-
tion of the nucleus and that were protected from primitive impact
and erosional processes by being buried immediately after they
were laid down.

However, there is plenty of observational evidence for mate-
rials erupting from the interior of Tempel 1. During the days of
approach to impact, ten cometary outbursts were observed by the
Deep Impact cameras (A’'Hearn et al., 2005). These were found to
be repetitive and organized into two groups in time (Farnham et
al., 2007). They did not repeat with strict periodicity but, never-
theless, had a repetition rate related to the spin period suggesting
that two locations on the surface may be involved.

Belton (2008) and Belton et al. (2008), using a stereoscopic
method involving observations made by both Deep impact and the
Hubble Space telescope (Feldman et al., 2007), subsequently lo-
cated the source regions of the outbursts on the Thomas et al.
(2007) shape model of the nucleus and all appear to originate near
the two places where the long principal axis meets the surface, i.e.,
the regions where the effective surface gravity on the nucleus is
lowest.

Most recently Meech et al. (2008) have announced that they
are exploring the possibility that the emplacement of the smooth
terrains may be similar to that in terrestrial pyroclastic flows but
no details are available in their abstract.

In this work we pursue the ideas of Thomas et al. (2007) and
Gougen et al. (2008) and seek to show, using the ideas and mod-
els for CO production in the interior by Tancredi et al. (1994) and
Prialnik and Bar-Nun (1990), that fluidization (Gidaspow, 1994)
of the cometary materials above the amorphous-crystalline H,O
boundary and their subsequent transport to the surface in different
types of several possible gas/particulate flow regimes is responsi-
ble for the smooth terrains and the repetitive outbursts.

In Section 2 we use Deep Impact observations to argue that
cometary material down to the amorphous/crystalline H,O ice
boundary has low tensile strength and is highly comminuted. In
Section 3 we review what is known about the smooth terrains
and offer some new some measurements and interpretations of
the Deep Impact images. In Section 4 we review what is known
about the Tempel 1 outbursts. In Sections 5, 6 and 7 we consider
different aspects of the physical processes that likely occur at the
amorphous/crystalline ice boundary and the likely modes in which
CO gas and cometary particulates are transported to and flow on
the surface. In Section 8 we describe the processes that we pro-
pose are most likely to have led to the formation of the smooth
terrains and repetitive outbursts.

2. The state and tensile strength of the material above the
amorphous-crystalline H>0-ice boundary

One of the most significant discoveries of the Deep Impact mis-
sion, following the artificial impact, was the ease with which the
material in the comet’s sub-surface was comminuted. A'Hearn et
al. (2005) argued that the large volume of “very fine (microscopic)
particles” were too many to have been pulverized in the impact it-
self and that they were either pre-existing as very fine particles or
weak aggregates of such particles. Observations of the effect of ra-
diation pressure on the shape of the impact plume observed from

Earth indicate that most of the particles have effective diameters
between 0.5 and 2.5 pm (Schleicher et al., 2006).

Direct evidence on the typical particle size that exists at the
surface of the nucleus is provided by Sunshine et al. (2006) who
observed patches of enhanced H,O ice with the high-resolution
infra-red spectrometer and Groussin et al. (2007) who mapped
the distribution of thermal radiation over the surface. They found
that the H,O ice was thermally, and therefore physically, decou-
pled from the dust and that the characteristic size of the water
crystals was 30 + 20 pm.

The composition of the dust component is evidently very di-
verse and includes silicacous minerals, refractories, and a wide
range of organic material (A’'Hearn et al., 2005; Harker et al., 2005;
Mumma et al., 2005; Lisse et al., 2005). The state of this material is
hard to evaluate, but, if we can use the evidence from the Stardust
sample return (Brownlee et al., 2006) at another periodic comet,
Wild 2, the refractory materials are micron to nanometer sized
particles that were weakly aggregated into complex accumulations
(Kearsley et al., 2008) and possibly embedded in a “fine-grained,
possibly, highly-porous” matrix (Van der Bogert et al., 2008). The
porosity of cometary material also follows from the bulk density
of ~400 kg/m? found for Tempel 1 (Richardson et al., 2007) and
similar values found for other cometary nuclei (Weissman et al.,
2004).

In their analysis of the ejecta curtain, Richardson et al. (2007)
were able to estimate an upper limits to the effective yield
strength of the cometary material at the surface in terms of the
total ejected mass released. In the case where the total amount
of material released was ~107 kg, the yield strength in the im-
mediate sub-surface is “not more than 10%2-103 Pa” and could
be much less, even strengthless. In cases were the yield strength
was assumed to be higher the amount of material released was
much less. Remote observations of the mass of HyO ice released
during the impact yield 4.5-9 x 108 kg (Keller et al., 2007) and
1.3 x 107 kg (Schleicher et al., 2006). It seems, therefore, to be an
established observational fact that in its upper layers the nucleus
material must be a very weak and easy to comminute.

In addition, there may be a theoretical reason why the material
at the surface and down to the amorphous/crystalline boundary
might be highly comminuted. Gronkowski (2005) has noted that
grains of amorphous water ice have slightly different material den-
sity to those of the cubic crystalline form and that this “... must
cause lots of strains and finally leads to erosion and pulverization
of that part of the cometary nucleus that has undergone crystal-
lization.” Patashnik et al. (1974), in their original discussion of the
role of amorphous ice in comets, also suggested that pulverization
to small particulates could accompany the phase transition to crys-
talline ice. However, it should be noted that Patashnik et al. were
thinking in terms of a particularly high density form of amorphous
ice that, being formed at high pressure, is probably no longer con-
sidered appropriate to the cometary problem. In their laboratory
experiments with gas-laden amorphous ice Laufer et al. (2005) do
not mention such a process but they do note that in the phase
transition the ice can shatter and eject ice crystals. They ascribe
these phenomena to the flow of released gas.

A second result from Richardson et al’s study was an esti-
mate of the effective surface gravity at the impact site of ~3 x
10~* m/s?, which, given the dimensions of the nucleus (Thomas
et al., 2007), leads directly to its mass and a bulk density of
~400 kg/m?>. Following Belton et al. (2007), we find that the hy-
drostatic stress near the center of the nucleus due to the weight of
the overburden is near ~5 x 102 Pa. Measurements of the compres-
sive strength of cometary material have been made in the labora-
tory (Bar-Nun and Laufer, 2003). They found a limiting compressive
strength of ~2 x 10* Pa when starting with a loose aggregate of
~200 pm amorphous ice particles. Theoretical estimates have also
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been made. For example, Sirono and Greenberg (2000) estimate a
compressive strength of ~10% Pa for a porosity of 0.3. Appreciable
compression of material in the interior is therefore unlikely.

So far we have only discussed the microstructure of the
cometary material. On macro-scales the Deep Impact images show
the pervasive presence of layering in exposed scarps. They do not
show explicitly how deep into the sub-surface the layering per-
sists, but Belton et al. (2007) have proposed that these layers were
laid down in primitive times when the nucleus was formed and
persist throughout the entire body of the comet. If this is the case
then we can expect that the pulverized, particulate, material above
the amorphous/crystalline H,O ice boundary may still reflect some
of the original compositional properties, e.g., dust/ice ratio, of this
layering.

In summary, the nucleus material above the amorphous/crystal-
line H,O0 ice boundary is, in all probability, a mixture of complex,
possibly highly-porous, aggregates of small particles that embody
a wide variety of organic and mineralogical compositions (i.e.,
cometary dust) and crystalline ice crystals ~30 pm in size that
may retain some of the compositional aspects (e.g., dust/ice ra-
tio) of primitive layering. This mixture is expected to be able to
substantially resist the low compressive stresses that are expected
in the interior, but have very low tensile strength. The tensile
strength of nucleus material is probably <102 Pa from the amor-
phous/crystalline H,O ice boundary (see below) out to the surface.

3. Properties of the smooth terrains

Three smooth terrains have been found on the part of the sur-
face imaged by the Deep Impact cameras at high spatial resolution
(~25% of the total surface). Evidently they are a relatively common
feature, a conjecture that may soon be tested at the Stardust-NEXT
mission encounter with Tempel 1 in 2011. Thomas et al. (2007) de-
scribe the best imaged of these features (i1 and i2) as units that
originate on downhill slopes and occupy gravitational lows on the
nucleus shape model. They are tongue-like shaped features with
“digitate markings suggestive of spreading flow at their distal end”
and terminate in a steep scarp. According to Thomas et al., these
features, which are completely devoid of craters to scales as fine
as 5 m, were emplaced by the flow of “very” fluid material possi-
bly erupted on the surface whose smoothness suggests that they

consist of a “very homogeneous, and probably fine-textured mate-
rial.” i1 is described as about 3 km long, 1 km wide and at least
20 m thick. In order to get a better quantitative feeling for these
features we have digitized their shapes and laid them down on the
shape model in order to compute their areas, dimensions, gravita-
tional slopes, and altitudes referenced to the center of figure. We
also infer the volume of i1 and i2 under the assumption of an
average thickness that seems typical for Tempel 1. Our results, in
Table 1, are consistent with, and supplement, the description given
by Thomas et al.

The rough dimensions of what we presume to be the outflow
regions of i1 and i2 are also included in Table 1. Both are associ-
ated with larger depressed regions. This is most obvious in the case
of i2 (Fig. 1) where the source is located just inside the southern
boundary of a large circular depression (denoted as g1 by Thomas
et al.). It appears to be coincident with a lozenge-shaped, brighter,
marking that is also co-incident with one of areas of enhanced
H,0 ice found by Sunshine et al. (2006). The source region of il
is illuminated (barely) by light scattered from the impact plume
(Fig. 2) and also appears to be a depression, although we note
some uncertainty in this conclusion. The flow emanates from the
depressed region in a channel some 180 m wide to the south of
an approximately N-S ridge line that forms its eastern boundary.
The western boundary is ill-defined in the images and we found

Table 1

Measured and assumed properties of the smooth terrains (flows). Columns 3 and 5
are dimension of the presumed source regions as described in the text. A semi-
colon indicates considerable uncertainty. In both cases the source of the flow is
within the boundary of the source region. i1, i2, and g1 are appellations given in
Thomas et al. (2007).

Property of flow or il flow i2 flow il source i2 source
source region region region (g1)
Length (km) 3.0 3.0 1.6 13

Max. width (km) 18 14 0.7 13

Area (m?) 1.6 x 10° 2.4 x 108 7.0 x 10° 1.2 x 108
Assumed average 15 15 20 20
thickness or depth (m)

Volume (m?3) 2.4 x 107 3.6 x 107 1.4 x 107 2.4 %107
Coordinates of origin 248, —76 270, —17 - -

(E. Long, Lat)

Estimated dimensions 170 x ? 180 x 70 - -

of outflow region (m)

Fig. 1. Image of the source region of the i2 smooth flow (terrain) and the arcuate depression g1 (Thomas et al., 2007). The pixel scale in this image
(MV0173728477_9001054_001_RR.FIT) is 9 m/pixel. In the cometocentric frame North is approximately up and West is to the left. The image on the left has been con-
trast stretched and the bright lozenge-shaped feature (right arrow) inside the southern rim of g1 from which the smooth flow appears to originate is also coincident with
one of the regions of enhanced H,0 ice found by Sunshine et al. (2006). The leftmost arrow points to what we suspect is a secondary source. The right image has been

filtered with an unsharp mask to bring out the contrast of the flow material.
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Fig. 2. Source region of the i1 smooth flow (terrain). In this image N is to the right and W is approximately up. The image on the left has been contrast stretched to show
the flow emanating to the south of a N-S ridge line. Illumination is provided by light scattered from the impact ejecta plume. The image to the right has been high-pass
filtered with an unsharp mask to increase the contrast of the suspected source region for the flow.

its location is hard to determine [Fig. 15 of Thomas et al. (2007)
gives an alternative visualization of i1’s source region that may
help the reader to evaluate the morphology of the surface]. To
the extent that we can determine them, estimates of the dimen-
sions of the outflow regions are also given in Table 1. In Fig. 3 we
show our results on the run of gravitation height (Thomas, 1993;
Thomas et al., 2007) and, for comparison, the radius to the center
of figure for the centerline of each flow. The figure show similar
dynamic slopes (5-10 deg) to those found by Thomas et al. (2007)
near their source and the coverage of i2 is extended to its ter-
minus. The average slope over the entire length of the flows is
~3 deg. Both flows are now seen to have upturns in gravitational
height where they terminate.

In the following discussion of the mechanisms that emplace the
flows several questions arise that we anticipate here: (1) was the
material in each of the flows emplaced as a single event or were
multiple episodes involved? (2) How does the volume of material
in each of the flows compare with the volume occupied by the
depression that we have associated with their source? (3) What is
the age of these flows?

To answer the questions in (1), we have found nothing in the
images that suggests other than the main body of each flow was
laid down as a single event. While we suppose that it is possible a
succession of substantial events might have occurred, where later
events have covered up all traces of the earlier ones, there is no
evidence of this. However, there are suggestions of later, more su-
perficial, flow activity. For example, in Fig. 4 we note that at least
one (and possibly a second) of the digitate markings on i1 seems
to overflow the scarp at the terminus of the main flow onto the
floor of the adjoining plain. Presumably this must have occurred
some time after the emplacement of the original flow. In the case
of i2 (Fig. 1), we note a diffuse marking to the west of the main
outflow region that connects to the main flow. We suspect that
this could be a secondary outflow region but we have found no
indications of what the relative timing of the two sources might
have been.

Question 2 can be answered more quantitatively given the in-
formation in Table 1. The critical unknowns are the thickness of
the flows and the depths of the source region depressions. From
Thomas et al. we know the thickness of the scarp at the terminus
of i1 is 15-20 m. They also find that the eastern boundary of de-
pression g1 (the source region of i1) is up to 40 m in height. In
order to proceed we have simply assumed that the average thick-
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Fig. 3. Visualization of the slope at the centerline of the i1 and i2 smooth terrains.
In the upper panel we plot the gravitational height (Thomas, 1993) of the surface
of the terrain along the centerline of the flow. In the lower panel we plot the dis-
tance to the center of figure. In both cases the flow terminates on an upslope in
gravitational height.

ness of the flows is 15 m and that the average depth of the source
depressions is 20 m. While it is obvious that these assumptions
could easily be in error by a factor of a few, this is an unavoid-
able problem given the information available. Common experience,
for example, would suggest that the flows could be much thinner
near the source, where the slopes are steeper, than at the termi-
nus where the flows have been halted. Also the topography that
has been measured is at the surface of the flows and, therefore,
may not properly reflect the topography of the underlying surface.
Nevertheless, when these assumptions are adopted we find that
the volume in each of the depressions is similar to the volume of
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Fig. 4. Evidence of flow activity on the i1 smooth terrain that occurred after the
emplacement of the main flow. The image has been contrast stretched and filtered
with an unsharp mask. The dark, digitate, markings, first noted by Thomas et al.
(2007), are easily seen. The arrow points to material associated with one of these
markings that appears to have overflowed the scarp at the terminus of the flow.

6

[3,]

Log(Stress and CO partial pressure (Pa))

________‘:.______r________

0 . —
0 50 100 150 200
Distance below surface (m)

Fig. 5. The partial pressure of CO (black) and radial (red) and tangential stress
(green) with depth in the model of Tancredi et al. (1994) in the active (thin line)
and quiescent phases (thick line) of their standard model. The radial stress curve for
the active phase has been displaced downwards from the active CO pressure line by
0.1 log units in order to make it visible. In actuality these curves plot essentially on
top of each other. The stress curves are only shown for the active phase. The verti-
cal dashed line marks the depth (~138 m) of the amorphous/crystalline boundary
87 years into the 500 y integration. The data used to construct this figure was dig-
itized from Figs. 4a and 4b of Tancredi et al.’s paper. The broken nature of these
lines at small depths is an artifact of the digitization process. The short-dashed line
is an estimate of the maximum overburden stress with depth. The long-dashed line
is the expected maximum tensile strength of cometary material. These curves as-
sume a gravitational acceleration of 3 x 10~% m/s? and a density of 400 kg/m>.

material of the respective flow (cf. Table 1). This, we suggest, pro-
vides some support for the idea that the flows and the depressions
near their source are physically connected.

To answer question 3 we note the smooth terrains occupy the
highest stratigraphic level in the images and have no impact fea-
tures above 5 m in diameter. The features are either very young
(contemporary) or very old (i.e., primitive and quickly covered;
Belton et al., 2007), most likely the former. With the average mass
loss of ~10° kg per orbit (Lisse, 2002; Belton et al., 2007), a mean
density of 400 kg/m> (Richardson et al., 2007), and a nucleus area
of 1.19 x 108 m? (Thomas et al., 2007) the average erosion rate is
~0.02 m/orbit. The i2 smooth terrain, which straddles the equator,
with a nominal thickness of 15 m should be completely eroded
in ~700 orbits or ~5000 y. The smooth terrains, if they are in-
deed an ice/dust particulate mixture, are possibly as old as, but
more likely comparatively young relative to the active lifetime of
3000-25000 y estimated for a typical periodic comet (Duncan et
al., 2004). They are therefore most likely the result of an ongoing
process. With three smooth terrains seen in the 25% of the sur-
face that was observed by Deep Impact we might expect that there
maybe as many as ~12 smooth terrains in various erosional stages
in total. If this turns out to be the case, then the above lifetime es-
timate suggests that a smooth terrain could be formed once every
~70 orbits. While it would be too speculative to suggest a physi-
cal connection, we note that this is roughly three times less than
the rate at which splittings are observed occur on periodic comets
(Chen and Jewitt, 1994).

In summary, new measurements of the i1 and i2 smooth ter-
rains show that they have similar lengths (3 km), areas (~2 x
10% m?) and, probably, volumes (~3 x 107 m?). To the extent that
they can be located, the linear dimensions (~180 x 70 m for i2)
of the source region from which the flow material originates may
also be similar. Both start on relatively steep gravitational slopes
and end at an upturn. The terrains were most likely emplaced as
a result of a single event, although there is some evidence for
subsequent flow activity. The volumes of the flows are also sim-
ilar to the volumes displaced in depressions associated with their
likely source regions, which suggests that there may be a physical
connection. The observed rate of sublimation indicates that these
features are <700 orbits old and therefore probably the result of
an ongoing process.

4. Properties of the repetitive outbursts

The repetitive outbursts on Tempel 1 were discovered in the
Deep Impact approach imaging (A’Hearn et al., 2005). They were
cataloged by Farnham et al. (2007) who found ten events that fell
into two groups when their timing was organized according to the
comet’s spin period. This suggested that they occurred at two lo-
cations on the nucleus. One of the outbursts was also observed
from the Hubble Space telescope (Feldman et al., 2007) and Calar
Alto Observatory (Lara et al., 2006). This allowed Belton (2008) and
Belton et al. (2008) using stereoscopic and statistical techniques to
pin-point the two locations on the nucleus shape model. From the
images, the locations and timing of the outbursts plus information
from other studies of the outburst phenomenon they were able to
infer the following properties:

(A) The outbursts occurred both at night and during the day im-
plying that a process in the interior of the nucleus was respon-
sible rather than the effect of direct sunlight.

(B) The locations where coincident with the places on the nucleus
that have the lowest surface gravity implying that the pro-
cess was probably sensitive to the weight of the overburden.
This also carries the implication that the overburden material
is weak with a tensile strength of no more than 10-10% Pa.
(This is in agreement with the arguments in Section 2 above.)

(C) The outbursts occurred at times when the surface was cool-
ing and none occurred in the early morning. This suggested to
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Belton et al. (2008) that either thermal or gas pressure stresses
in the surface boundary layer generated when the surface is
cooling may play a role in determining the precise time at
which an outburst occurs.

(D) The distribution of brightness in the majority of the outbursts
is similar to that of an ejecta curtain. Belton et al. interpreted
this to mean that explosive release of gas at the surface and
the formation of a crater occurs.

(E) The brightness of the larger outbursts is consistent with the
release of ~108 kg of gas and dust.

(F) The signature of the outbursts on the surface of the nucleus
is probably a close packed series of depressions ~40 m or
greater in diameter.

(G) Because of sparse observational sampling it is possible that an
outburst occurs on every rotation cycle—but not in a strictly
periodic manner.

(H) The material in the outburst is ejected with a velocity between
60 and 145 m/s (Feldman et al., 2007).

(I) The outbursts are probably driven by CO.

Based on these inferences Belton et al. (2008) suggested a qual-
itative model of the outburst mechanism in which the release of
CO at the amorphous/crystalline H,O ice boundary periodically
inflates and lifts the overburden before releasing the gas at the
surface. In the following sections we take a closer look at what
happens when CO is released during the amorphous ice phase
change and how the gas and cometary particulates might be trans-
ported to, and flow on, the surface.

5. The mode, pressure, and timescales of CO release in the
interior of 9P/Tempel 1

After H,O the two most common cometary volatiles are CO,
and CO. Both of these molecules have been observed in the coma
of 9P/Tempel 1: (a) From the Hubble Space Telescope by Feldman
et al. (2006), and (b) through the use of the Deep Impact infrared
spectrometer by Feaga et al. (2007a, 2007b). Both gases may be
involved in cometary activity but the relative extent and domains
of each gas is not yet understood. Here, without ruling out CO; as a
possible contributor, we simply consider CO as the gas responsible
for the smooth flows and outbursts. We presume that the detection
of CO in the inner coma implies that its origin, or the origin of a
substantial fraction, is within the nucleus itself.

The literature documents many investigations that model the
source of cometary CO, its evolution, condensation, and transport
in the interior. An up-to-date review is given in Prialnik et al.
(2004). Broadly there are two kinds of models those with and
those without gas-laden amorphous H,O ice in the interior. We
will focus on the former because only that class of model appears
to provide an explanation of the outburst phenomenon (Patashnik
et al., 1974). Models without amorphous H;O ice, e.g., that of
Benkhoff and Boice (1996), are characterized by low partial pres-
sures, ~0.1 Pa, of CO in the interior (see their Figs. 4 and 5) and we
would not expect gas produced in such models to have any bear-
ing on the cause of outbursts and the emplacement of relatively
massive flows.

Specifically we consider the model of Tancredi et al. (1994). This
model has been taken to task by Bouziani and Fanale (1998) for
employing Knudsen diffusion somewhat beyond its range of appli-
cability, but, in our opinion, this flaw is insignificant if the phe-
nomenon of fluidization (Gidaspow, 1994), which we will shortly
invoke, is indeed applicable to cometary interiors. The published
form of Tancredi et al.’s model is unique in that it explicitly con-
tains the information that we need for understanding the role
of fluidization. A close alternative is the model of Prialnik and
Bar-Nun (1990). However this model omits the role of the possi-

ble condensation of CO below the amorphous/crystalline boundary,
which Tancredi et al. find significant. The review by Prialnik et al.
(2004) notes other advances in the scope of interior models that
have occurred since the work of Tancredi et al. However, these ad-
vances are mainly in the direction of understanding the possible
response of the assumed pore structure to internal stress in terms
of enlargement and crack formation. While we see these studies
as important steps in understanding how cometary material might
fracture and ultimately become fluidized, we are primarily inter-
ested in the internal production of gas pressure and the magnitude
of the initial stress fields that can be generated rather than the
detailed process by which fluidization might be attained. For this
reason we use the well documented Tancredi et al. study as a basis
for the work reported here.

In Fig. 5 we show two profiles of CO partial pressure with
depth in Tancredi et al.’s Standard Model at times when the crys-
tallization is “quiescent” and when there is an active “spurt” of
rapid crystallization. Also shown are curves of radial and tangential
stress that we have computed for the active case. The profiles are
transcribed from information on number density and temperature
in Tancredi et al.’s Figs. 4a and 4b. Superposed on these profiles
are curves that indicate the overburden stress due to gravity plus
a curve showing the maximum yield (tensile) strength expected
(Section 2) for cometary material in the immediate sub-surface.
The starting radius of the spherically symmetric nucleus model in
Tancredi et al.’s calculations was 3 km and the relevant orbital pa-
rameters ¢ = 1.29 AU and Q =6 AU are appropriate for a Jupiter
family periodic comet. The model nucleus is assumed to be com-
posed of a mixture of dust, amorphous H,O ice with a 0.1 fraction
of trapped CO gas. The many physical parameters that are needed
to specify the model can be found in Tancredi et al.’s paper. We
note here only that the cometary material in which the transport
of CO is followed is assumed to be a rigid, porous, matrix. The ther-
mal conductivity of amorphous ice, which ultimately controls the
release of CO, was assumed to be a geometric mean of widely dis-
parate estimates by Klinger (1980) and Kouchi et al. (1992). Their
standard model was run for 500 years and the profiles in Fig. 5
refer to year 87 of the evolution.

It is clear from Fig. 5 that the stresses caused by the partial
pressure of CO at the amorphous-crystalline H,O ice transition
boundary, which has evolved to a depth of ~140 m in the rigid
porous matrix after only 12 orbits, are very high relative to the
anticipated strength and the overburden weight of cometary ma-
terial that was discussed in Section 2. That problems would arise
from the extraordinarily high partial pressures generated by the re-
lease of CO at the boundary was anticipated by Tancredi et al. and,
earlier, discussed in more detail by Prialnik and Bar-Nun (1990)
and Prialnik et al. (1993). For example, Prialnik and Bar-Nun found
pressures of ~5 x 10° Pa at a depth of only ~12 m in one of
their calculations. They suggested that the growing stress on the
cometary material above the amorphous ice boundary will in some
way expand the pores or rupture the assumed rigid crystalline ma-
trix and thus enhance the escape of gaseous CO to the surface.
Prialnik et al. (1993) explored what might happen if the pores
in the matrix are allowed to widen under stress or tensile fail-
ure occurs. In this way they predicted times of enhanced gas flows
(which they associated with cometary jets) and explosions (major
outbursts).

Given the low yield strength implied by the Deep Impact obser-
vations and the high partial pressures of CO and associated radial
and tangential stresses (Fig. 5) produced in the models, the visual-
ization of cometary material above the phase change boundary as
a mechanically stable and rigid no longer appears to be appropri-
ate and an alternative physical concept is needed to describe the
transport of CO to the surface. Nevertheless, some of the overall
evolutionary aspects of Tancredi et al.’s calculations are probably
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correct: The ball of gas-laden amorphous H,O ice as it reaches
the vicinity of the Sun is at first very active with unpredictable
bursts (“spurts”) of crystallization and CO release. This kind of
“run-away” phenomenon was also found by Prialnik and Bar-Nun
and presumably is due to the strongly exothermic nature of the
amorphous to crystalline phase change. As time progresses the
amorphous/crystalline phase boundary retreats into the comet’s
interior leaving an overburden of crystalline ice and dust and run-
away spurts of crystallization become less frequent.

To avoid an unbounded secular increase of internal pressure,
the mean net production rate of CO at the phase boundary should
be roughly equal to the observed CO loss rate which is 4-6 x
10%6 mol/s (Feldman et al., 2006) or ~4 x 10'® mol/s/m?. Both
Tancredi et al. and Prialnik and Bar-Nun find the thickness of the
transition layer is ~1 m, which implies a volume production rate
near ~4 x 10'® mol/s/m>. If the mixing ratio of CO/H,0 in the
amorphous ice is 0.1, a common assumption in this work and a
value expected on the basis of laboratory experiments with amor-
phous ice at temperatures near 25 K (i.e., a temperature near the
that at which cometary nuclei are thought to have agglomerated;
Bar-Nun et al,, 2007), then Schmitt et al.’s (1989) phase change
activation law implies a temperature at the phase boundary near
~111 K. (We assume a dust/water ratio of 1 and that half of the
CO escapes to the surface. The rest of the CO diffuses into the inte-
rior and is condensed there.) If the CO/H;O ratio is near 0.01 then
the temperature is higher, near 117 K. It is interesting that these
temperatures fall near the range of 115-120 K where Trancredi et
al.’s models show an increase in the rate of crystallization to the
point where the phase change becomes self-sustaining. They are,
nevertheless, somewhat below the laboratory temperature range of
120-137 K for which Bar-Nun and Laufer (2003) find rapid anneal-
ing of the amorphous ice and ultimately its rapid crystallization
accompanied by release of trapped gas.

In summary: Using existing models of the propagation of
an amorphous/crystalline H,O phase boundary into primitive
cometary material as a guide, we find that the phase boundary
is most likely deep within Tempel 1 (depth ~100 m or perhaps
more) and that run-away phase transition events (spurts) continue
to occur but infrequently. Observations of the production rate of
CO indicate that it is being released outwards across the phase
change boundary with a flux of ~2 x 10'® mol/m?2 /s. This implies
a temperature range in the vicinity of the phase change boundary
of 111-117 K if the mixing ratio of CO2/H0 in the amorphous ice
is in the range 0.1-0.01. This temperature range is marginally be-
low that at which run-away crystallization would be expected to
occur.

6. Fluidization of cometary material in response to the
production of CO in the interior and its transport to the surface

We have seen that the paradigm of a rigid, porous, medium
that is traditionally used to study the flow of gas through cometary
material (Prialnik et al., 2004), can lead to high partial pressures of
CO in the interior. This gas pressure produces radial and tangential
stresses that could easily overwhelm the tensile or yield strength
of the material. In this section we take the view that the assump-
tion of rigidity is unnecessary and that there is plenty of empirical
experience from the chemical and power generation industries that
shows that the transport of gas in a loose particulate medium may
take on properties beyond those of Knudsen and Poiseuille flow
that have been considered up to now.

When a gas is forced through a bed of loose particulate material
that is constrained in a vertical channel the following phenom-
ena are observed (Gidaspow, 1994, Chapter 5). When the gas input
is even across the cross-section of the pipe and the rate of flow
is small the gas simply diffuses through the particulate material.

At higher rates the pressure head builds up to the point where it
can support the full weight of the bed. At this point the particle
bed begins to move into an expanded (or inflated) state and dif-
fusive flow no longer applies. Beyond this point bubbles are found
to form in the gas/solid multiphase medium and the flow further
accelerates the particulates, possibly separating large and small
particles (elutriation), and possibly breaking them up at the same
time. Further increases in the flow rate leads to larger bubbles that
can fill the entire cross-section of the channel and accelerate large
“slugs” of particulate material upward, this is sometimes referred
to as pneumatic flow. If the gas is injected at a restricted region
of the channel’s cross-section the phenomenon of “spouting” may
occur at sufficiently high flow rates and preferably if the particles
are large. In this case the gas forces a channel though the particu-
late material and escapes at the top of the bed while leading to a
circulation of the particulate material in the channel.

The actual behavior of a particle bed is found to depend on the
nature of the particles themselves (Gidaspow, 1994, p. 104). If the
particles are large (40-500 pm) and dense (1400-4000 kg/m3),
bubbles form easily; if they are small (<40 pm) and light
(<140 kg/m3) the particle bed expands considerably and bubbles
form at higher flows; if the particles are cohesive they are more
difficult to fluidize and they may cause slugging; If they are large
and dense the particle bed has a tendency to spout.

In his book, Gidaspow (1994) develops equations of multiphase
transport that can be applied to this problem and investigates the
criteria that govern the different types of flow that occur. However,
it is not our purpose to build detailed numerical models of the
emplacement of the smooth terrains or the occurrence of the out-
bursts. Here we will restrict our investigation to qualitative models
to understand the range of physical possibilities.

7. Variability and stability of gas production at the
amorphous/crystalline phase change boundary

Judging by the 25% of the surface imaged by Deep Impact the
entire surface of Tempel 1 must be rich in morphological detail.
Nevertheless, and with the exception of the sub-solar region where
H;O0 is clearly subliming at the surface (Feaga et al., 2007a), there
are few localities that are obviously active in the images. The two
localities where the outbursts occur are clearly at special places
(Belton et al., 2008) and represent, at most, only 5% of the total
surface area. Extrapolating from the three smooth terrains seen
in the Deep Impact images there might be ~12 source regions
scattered around the surface. Unlike the case of the repetitive out-
bursts we know of no association between their locations and the
specific geometry of the nucleus. Given the dimensions in Table 1,
the source regions of the flows cannot add up to more than ~1%
of the surface. There are a few extremely small regions that show
weak jet activity (called “surface jets” in Farnham et al., 2007) but
again they must represent a small fraction of the total surface area.
The main southern jet that was observed for many months up to
and through encounter appears to have a diffuse origin over an
extended area in the southern hemisphere (Farnham et al., 2007)
with no obvious “vents.” We have a nucleus that appears to be
transporting gas into the coma broadly, if unevenly, over its surface
(Feaga et al., 2007a, 2007b) except in special localities, i.e. near the
ends of the long axis where the repetitive outbursts occur.

Our interpretation of these facts is that over most of the nu-
cleus surface the sub-surface material is normally mechanically
stable and that CO (and/or CO;) produced in the interior simply
diffuses out from their source regions either as a Knudsen or vis-
cous flow. For this to be true, the partial pressures of these gases
must always be less than that needed to lift the local overbur-
den. This places a lower limit on the effective diffusivity of the
cometary material. In localities where there is an abrupt release
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of gas from the interior (outbursts), or where there has been a
short-term effusion that has emplaced particulates onto the sur-
face (smooth flows), the mechanical stability of the sub-surface
material must have been breached. This indicates to us that ei-
ther a localized increase in the production rate of gas at depth or
a substantial, but localized, change in the diffusivity of the over-
lying material is responsible. We can think of no convincing cause
of the latter and, from this point forward, we will only pursue the
idea that short-term increases in the production rate of gas, i.e.
spurts, over localized regions of the amorphous/crystalline H,0O ice
boundary are the root cause of these phenomena.

The basic reason why spurts of enhanced gas production are
seen in the models of Prialnik and Bar-Nun (1990) and Tancredi
et al. (1994) lies in the exothermic nature of the phase change
(9 x 10* J/kg; Ghormley, 1968) and to heat pulses propagating into
the interior as the comet passes through perihelion. For Tempel 1,
which we presume to be a “middle aged” comet, the phase bound-
ary is, according to Tancredi et al., already deep in the nucleus
(~100 m or greater). We do not expect heat pulses to be either
substantial, or localized, by the time they have propagated down
to the phase boundary. Nevertheless, the irregular shape of the nu-
cleus and possible spatial variability of the conductive properties of
the overburden should lead to variations of temperature and hence
CO production over the phase change boundary surface. The crys-
tallization process will continue to proceed in spurts as described
by Tancredi et al. (1994) and Prialnik and Bar-Nun, but at different
times with different rates at different locations.

It is also possible that the properties of the gas-laden amor-
phous ice may have its own intrinsic dependence on locality re-
flecting how the nucleus was put together in the first place. For
example, the downward propagating phase change boundary may
run into a local reduction in dust/ice ratio that could lead to un-
even propagation of the boundary and locally enhanced CO pro-
duction.

Tancredi et al. (1994) report the results of numerical experi-
ments in which they compare the results of their standard model
to results of “variant” models with different dust/ice ratio, poros-
ity, and amorphous ice conductivity. For example, a doubling of the
dust/ice ratio slows down the propagation of the phase boundary
into the interior and cuts down the average CO production rate.
The spurts of crystallization, nevertheless, are still found to occur
with essentially the same regularity. Increases in porosity and ice
conductivity are found to dampen the tendency for spurts to occur.

In summary, we anticipate that the production of CO at the
phase change boundary is variable over the surface of the bound-
ary and consequently the outward diffusion of CO (and possibly
CO7) will be uneven over the surface of the nucleus. When run-
away spurts of crystallization occur, we expect that they will be
spatially restricted and occur at random locations at unpredictable
times.

8. The origin of the smooth terrains and repetitive outbursts on
9P/Tempel 1

The conclusions of the preceding sections provide a qualitative
basis for understanding the possible origins of the smooth terrains
and repetitive outbursts.

8.1. Smooth terrains

We hypothesize that these are formed at random times and
at random placements on the nucleus above locations where the
amorphous/crystalline H,O ice phase change boundary is under-
going a run-away spurt of crystallization of exceptional magnitude
and therefore CO production. The resulting increase in gas pressure
inflates and ultimately fluidizes the overburden, while the implied

Table 2

Depth of the amorphous/crystalline H,0 ice phase change boundary, Dqyiq (meters),
estimated for different values of the tensile strength and mean free path in the
crystalline layer above the boundary. The most likely values of these quantities are
near 10% Pa and 15 pm for which Dggiq ~ 100 m.

Tensile strength Mean free path, dp (um)

(Pa), Te 10 30 50
10 5 19 36
10? 54 186 360
10° 545 1860 3600

radial and tangential stresses overcome the low tensile strength of
the cometary material initiating an interior flow towards the sur-
face. This is superposed on a general background production of
CO that is both ongoing and uneven over the entire phase change
boundary surface. This uneven background diffusive flow may be
responsible for the primary jet activity that is characteristic of
comets including Tempel 1. While the physical processes involved
in initiating enhanced “spurts” are not understood, they could, per-
haps, be associated with a localized decrease in (dust/amorphous
ice) ratio of primitive origin in the cometary material.

The area of the phase change boundary involved in forming
a smooth terrain can be deduced by requiring a causal relation-
ship between the depressions surrounding the source regions and
the material in the flows themselves. The area involved should be
roughly equal to the area of the depressions, ~10% m2. The typical
volume of material to be emplaced on the surface, ~3 x 107 m?,
places a conservative lower limit to the depth of the phase change
boundary at 30 m (i.e., it must be at least 30 m below the sur-
face). The speed of the emplacement flow for i2, which we take
as typical, can be estimated as follows: The area at the source
of i2 is ~1.3 x 10* m? (Table 1) and the volume of the flow is
3.6 x 107 m>. According to Tancredi et al. (1994), the timescale of
a CO spurt is ~1-10 days. This estimate leads to an outflow speed
~0.03-0.003 m/s, well below the escape velocity of 1.3 m/s, ie.,
sub-surface material is slowly extruded onto the surface as a result
of fluidization and expansion. On reaching the surface (Fig. 6) the
fluidized cometary material begins to release its CO (or CO3) gas by
diffusion to the coma and how it does this will determine the ob-
servable coma activity that will ensue. For example, depending on
the initial gas pressure in the fluidized material, a major outburst
could accompany its initial appearance at the surface. We would
expect that such explosive activity would quickly cease as the gas
pressure in the material falls and as it continues to be extruded
onto the surface. Once on the surface the essentially frictionless
material will feel the local slope and flow downhill at speeds gov-
erned by its changing kinematic viscosity (see below) until, when
finally out of gas, the flow is halted. This speed must be less than
the escape velocity of 1.3 m/s as pointed out by Gougen et al.
(2008). H,O0-ice crystals would be a major component of the ex-
truded material and at the surface of the flow we anticipate that
they would sublime rapidly down to the thermal skin depth (~ few
cm; Sunshine et al., 2007) in a few orbital periods (~2 x 10° s).
Within the bulk of the flow the H,O component is unlikely to ex-
perience any solar heating in the 10* s (see below) that it takes to
emplace the flow. Sublimation processes are therefore unlikely to
effect its dynamics.

With the phase change boundary at depth D, incipient flu-
idization of the crystalline/dust layer overburden is reached when
the CO pressure gradient applies radial and tangential stresses
(Fig. 5) that can overcome the yield (tensile) strength plus the
hydrostatic stress exerted by the gas and particulates above, i.e.,
~10% 4 gpgD Pa where g is the local gravity and pg is the bulk
density. For example, if the phase boundary is at a depth of 300 m,
g=28x10"*m/s® and pg = 400 kg/m?>, the critical pressure
to reach incipient fluidization of the crystalline particulate layer
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Fig. 6. A schematic view of how a region of smooth terrain might be formed. Over a limited region of the amorphous H,0 ice/crystalline ice phase change boundary there is
an enhanced region of CO production near ~100 m depth, i.e., a localized spurt in CO production. The pressure gradient exerts stresses that overcome the tensile strength of
the crystalline ice/dust mixture and support it against gravity. The crystalline ice/dust layer is in a state of incipient fluidization. Once the tensile strength has been overcome,
the CO production expands the fluidized region and, if the flow rate is high enough, overwhelms the settling speed of the particulates and extrudes the fluidized material onto
the surface at low velocity (~0.03-0.003 m/s). The extruded, gas-laden, material is, at least initially, fluidized and essentially frictionless. It accelerates downhill attaining an
average speed of ~0.3 m/s while continually losing its gas content. As the material deflates, friction increases rapidly and the flow quickly terminates forming a scarp at its
terminus. As the fluidized material leaves the subsurface, surrounding material that was not fluidized, collapses inward to form a depression around the source region.

above would be ~130 Pa. As we have already noted the models
of Tancredi et al. and Prialnik and Bar-Nun can easily generate
such pressures. Thus the phase change mechanism, through the
medium of CO, produces a secular increase of stress at depth that
soon overcomes the yield strength of the material.

An upper limit to the depth, Dqyiq, of the phase boundary
can be estimated, in terms of observed quantities by combining
the above fluidization criterion with Fick’s law of diffusion. With
K as the gas diffusivity in the overburden, Jco the flow of CO,
T the temperature, T. the tensile strength, g the local gravity,
k the Boltzmann’s constant, and pp the bulk density we find in
the isothermal case:

Dfid = Te/(JcokT /K — gpB).

This expression relates the pressure gradient required to main-
tain the diffusive flow of CO to the weight of the fluidized
overburden. We have the following “observed” quantities: Jco =
4 x 10™ mol/cm?/s (Feldman et al., 2006; Thomas et al., 2007),
g =28 x 107* m/s® (Thomas et al, 2007), pg = 400 kg/m>
(Richardson et al., 2007). For the temperature we take 111 K as
computed in Section 5 based on the amount of amorphous ice that
needs to be crystallized to produce the observed flow of CO when
the fraction of CO to H,O molecules is 0.1. If, in reality, this fraction
is found to be lower, then the temperature could be higher. For the
diffusivity, K, the models of Tancredi et al. (1994) and Prialnik and
Bar-Nun use formulations for Knudsen and Poiseuille flow suitable
for a porous medium with capillaries. Here, since we are consid-
ering a loosely packed, low strength, particulate medium we use
the simple form from kinetic theory: mean free path x average ve-
locity. We write K ~ dp+/(3kT /i) where we associate dp with the
mean particle radius (~15 pm; Sunshine et al., 2006) and w is the
molecular weight of CO. In Table 2 we give Dgqyiq for a range of
Te and dp that are appropriate for this problem. Our evaluation of
the entries in Table 2 is that the phase boundary on 9P/Tempel 1
is probably at a depth ~90 m below the surface. This suggests
that the current depth of the phase change boundary on Tempel 1
may lie between 30 < D < 100 m. These limits ensure that there
is enough material to transport to the surface to create the smooth

terrains when a spurt of CO production occurs and that the crys-
talline layer can remain packed for most of the time.

8.2. Dynamics of the smooth outflows

If the smooth outflows observed on the surface of Tempel 1 are
indeed the result of gas-fluidized eruptions, several deductions can
be made about their dynamics. The outflows, described by Thomas
et al. (2007), are smooth-surfaced, uncratered plateaus about 3 km
long whose breadth increases markedly near its downslope termi-
nus, resulting in a trumpet-shaped outline. The terminus of the
principal outflows is a scarp is 15-20 m high, which we take to
indicate the average thickness of the deposits. The flows typically
descend a total gravitational elevation of about 150 m for an av-
erage surface slope of 3°. The best imaged flow is longitudinally
striated, very similar in overall appearance to similar striations on
the surface of catastrophic landslides on the Earth (Shreve, 1966)
and Mars (McEwen, 1989) that also spread out near their termini.

On Earth, the maximum speed of such landslides is accurately
estimated by neglecting friction and equating the gravitational en-
ergy of descent to their kinetic energy (Melosh, 1986). Recognizing
that this may be an underestimate for the Tempel 1 flow because
the mass of fluidized material may have been ejected well above
the surface in a strong gas outburst, this method gives a mean ve-
locity of about 0.3 m/s. This implies an emplacement time of 10% s,
or about 3 h. Supposing that the flow was fluidized by entrained
gas, we can show that the time scale for gas expulsion was at least
this long.

The flow of gas through a porous material is described by the
Darcy equation. Although the application of this equation to a gas
under terrestrial conditions yields a nonlinear equation for the
pressure (Carman, 1956), the pressure of CO at the base of the 20
m thick flow on Tempel 1 was only about 2.5 Pa to maintain the
fluidized state, which at 300 K (the possible surface temperature)
implies a mean free path of about 1 cm, far longer than the likely
spacing between the grains making up the flow. Under these con-
ditions the flow is in the Knudsen regime and the pressure obeys
a diffusion equation with diffusivity D given approximately by:

D ~av,
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where a is the grain size and v is the mean molecular velocity
(Carman, 1956). For CO at 300 K this is about 500 m/s, so for
a grain size of 10 um, D is about 5 x 103 m?/s. Applying this
diffusivity to the pressure equation, the time scale for the gas to
leak out of a landslide of thickness h is thus

2
tleakage =h / D.

The leakage time scale for a 20 m thick flow is thus about
8 x 104 s, or about 20 h, comfortably longer than the estimated
duration of the flow phase.

The viscosity of a dense, flowing granular material is very dif-
ficult to estimate. For the flow to occur at all, the grains must be
at least expanded to the extent that the particle bed is dilatent. In
the case of a very dilute suspension the theory of granular tem-
perature (Gidaspow, 1994) can be applied to 10 pm grains to give
a viscosity estimate of about 3 x 10~ Pas. This is certainly low
enough to permit the nearly frictionless emplacement of the flow:
For a flow controlled by viscosity alone, the mean flow velocity
is

2 .
o pgh smeg
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where p is the density of the flow (400 kg/m?> for Tempel 1), g the
acceleration of gravity (3 x 1074 m/s?) and 7 is the dynamic vis-
cosity. If the viscosity of a dilute suspension controlled the flow,
it could have moved at 8 km/s before friction slowed it down!
Clearly, such a viscosity did not impede its flow. This suggests that
the flow was not fully fluidized and that strong grain-grain inter-
actions typical of a dense flow were occurring.

The physical state of the Tempel 1 flow is rather reminiscent
of the flow of terrestrial water-saturated debris flows, in which
the pressure is also described by a diffusion equation (this dif-
fers from terrestrial pyroclastic flows, in which the nonlinear pres-
sure equation regulates the gas flow). Although a great deal of
work has been done on such flows, it is still not possible to ac-
curately estimate their viscosity from first principles (Iverson et
al.,, 1997). Grain flow mechanisms also suggest a very low viscos-
ity in the case of such flows, which is not realized in practice:
The actual process of fluidization seems to be related to strong
pore pressure fluctuations in the mass of the material (Iverson
and LaHusen, 1989). A crude estimate of the viscosity is given
by 1 ~ phv, mainly on dimensional grounds, presuming that the
pressure fluctuations are due to motion over an irregular bed. Eval-
uating this expression for the Tempel 1 landslide gives a viscosity
of 2.4 x 103 Pas, which is actually somewhat too high for the esti-
mated velocity: It can be no larger than about 100 Pas, or else the
viscous drag would decrease the mean velocity below our estimate
of 0.3 m/s. Nevertheless, this is roughly the right range, suggesting
that the flow was indeed fluidized, but as a very dense flow, just
above the threshold for fluidization. This accords well with the ob-
servation that the flow apparently came to an abrupt stop, ending
in a steep scarp. Our interpretation of the scarp is thus that the
flow stopped when enough gas escaped to deflate the flow below
the dilatancy limit, at which point the grains then locked up and
sliding friction became dominant. Under such conditions the flow
could not have moved more than a few times its own thickness af-
ter deflation, and the scarp would stand at the angle of repose, as
it is presently observed to do.

Another way to estimate the flow velocity is to note that the
regular longitudinal striations indicate that the flow was lami-
nar, not turbulent. Such laminar flow is, surprisingly, also observed
in catastrophic terrestrial landslides. Even though these landslides
achieve velocities in excess of 50 m/s, initial stratigraphy in the
source area is generally preserved all the way to the terminus of
the slide lobe, demonstrating overall laminar flow (Melosh, 1986).
Thus, using the knowledge that the Reynolds number Re of the

flow was less than about 100, and recalling that Re = pvh/n, we
require a viscosity larger than 25 Pas, again suggesting a dense,
partly interlocking, fluidized flow, and consistent with our previ-
ous estimates for such a flow.

The low viscosity, between 25 and 100 Pas, estimated by these
methods is also in good agreement with the extremely smooth
topography of this terrain (smooth on the scale of the image res-
olution, a few meters). The relaxation time tg for topographic
features on a viscous substratum is a function of the size of the
breadth feature, so that for a given viscosity and relaxation time
we can compute the maximum wavelength feature that can persist
(this is identical to the computation of the erasure time of impact
craters on a viscous substrate). Thus, surface topography with a
wavelength greater than L, where L =1/(0.3pgtR), is erased over
the relaxation time (Melosh, 1989). Inserting a viscosity of at most
100 Pas and a relaxation time of 10% s, we find that surface fea-
tures broader than about 0.3 m are erased from the flow. Only
features maintained dynamically by the flow, such as the stria-
tions, can persist at longer wavelengths. This, then, explains the
very smooth character of the outflow deposits and places yet an-
other constraint on the viscosity of the flow.

In summary, the smooth terrains on Tempel 1 are consistent
with being emplaced as dense gas-fluidized flows that erupted
from beneath the surface, perhaps associated with a random out-
burst event, and flowed away from their sources down the local
gravitational gradient (Fig. 6). Due to their high density and thus
relatively high viscosity, these flows traveled in a laminar regime
and halted abruptly as the fluidizing gas escaped, leaving a steep
terminal scarp. Nevertheless, their viscosity was not high enough
to seriously impede their flow, which was nearly frictionless dur-
ing most of their travel. The time scale for emplacement was a few
hours.

8.3. Repetitive outbursts

Because these outbursts occur with some regularity they can-
not originate as a result of random spurts of crystallization as
was the case discussed above for the smooth terrains. We pro-
pose to model the repetitive outbursts based on the either the
phenomenon of “bubbling” or “spouting” over a sub-surface reser-
voir of CO. The source of the gas is nevertheless still assumed to be
the result of the annealing and crystallization of gas-laden amor-
phous ice but, to provide a basis for a regular process we invoke
the idea of a reservoir in which the released CO can collect and
then be released periodically. The reservoir does not need to be
a complete void in the nucleus structure but should have high
porosity relative to its surroundings. Some of the gas could even
be stored below the phase change boundary bounded from be-
low by CO ice. There is a second argument for the existence of
such a reservoir to explain this phenomenon and this concerns
the quantity of gas released. With approximately ~10° kg of gas
and solid particulates in the larger outbursts at an occurrence rate
of every 1.7 days, the average gas flow rate could be as high as
~8 x 102> mol/s if the gas and solids are equally represented. This
is a substantial fraction, ~16%, of the observed total CO production
rate for the entire nucleus of 4-6 x 10%6 mol/s. Evidently the gas
must be collected from a wide area of the phase change boundary,
~2 x 107 m? (equivalent radius = 2.5 km), i.e., and collected into
a sub-surface reservoir before being released in an outburst. This
“collection area” is, in itself, a rough measure of the lateral size of
the reservoir.

For spouting, the source of gas flowing through the cometary
sub-surface should be localized so that it can fluidize a narrow
channel and ultimately escape at the surface. The upper region of
the reservoir should be either “conically” shaped or extend in a
narrow channel into the upper layers. The observations show that
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Fig. 7. Two possible mechanisms for the origin of repetitive outbursts on Comet Tempel 1. The left panel represents the formation of a large bubble that rises to the surface
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the outburst, i.e., the opening of the channel, is evidently mod-
erated by thermal processes at the surface itself (see Section 4).
Since the outbursts tend to occur when the surface is cooling, we
speculate that the increasing back pressure exerted by the sub-
limation of water during the morning might prevent the narrow
fluidization channel from reaching the surface at that time. This
pressure is relieved in the late afternoon and evening as the H,0
sublimation flux declines presumably allowing the outburst to oc-
cur. While such a mechanism provides a simple explanation of why
the frequency of outbursts is tied to the diurnal spin rate it may
have serious problems: The vapor pressure of H,O over ice at its
free sublimation temperature of ~200 K at 1.5 AU is only 0.15 Pa
— insignificant for this problem. However, according to Groussin et
al. (2007) temperatures between 272 and 336 K are observed occur
over much of the sunlit hemisphere of Tempel 1. If there is good
thermal contact between the dust and ice and it is these temper-
ature values that determine the sublimation pressure of H,O in
the very upper layers of the comet then vapor partial pressures of
6 x 102 Pa and greater are a possibility. At this pressure level the
generation of water vapor might have the desired effect of mod-
ulating the occurrence of the outbursts. Only detailed calculations
can settle this issue.

For bubble flow, there are no particular requirements on the
geometry of the upper regions of the reservoir. We envision that
bubbles form in the weakened particulate medium that eventu-
ally coalesce into a single large construct that buoyantly rises to
the surface. In the vicinity of the surface we invoke the same trig-
gering mechanism described above. As the back pressure falls the
bubble reaches the surface and simply bursts releasing the gas in-
stantaneously. We can make a rough estimate of the dimensions of
the bubble while en route to the surface and, as will be seen, this
leads to a problem for the concept. To overcome the yield strength
of the cometary material a gas pressure of ~10% Pa is required in
the bubble. With an ambient temperature near 130 K (Tancredi et
al., 1994), the bubble must carry ~5 x 10° kg of CO to satisfy the
observations. With these parameters the diameter of a spherical
bubble would be ~0.7 km! While rising to the surface the bubble
would be far from spherical and would be expected to present a
far smaller cross-section in the direction of motion and be consid-
erably elongated. The large size of the bubble may be the nemesis
of this concept for in order for the bubble to be free of the reser-
voir, the reservoir and its associated phase change boundary would

have to be at a considerable depth, i.e. >0.7 km or a quarter of the
effective radius of the nucleus.

Both of the above scenarios depend on the formation of ade-
quate reservoirs for the gas at the two ends of the long axis of the
nucleus (Fig. 7). Why this should happen is not understood.

9. Discussion

The ideas expressed above lead to a number of predictions that
could be tested by the NEXT mission that will encounter Tempel 1
in 2011, the EPOXI mission to Comet Hartley 2 half a year earlier,
and by ESA’s Rosetta mission in 2014. At Tempel 1 smooth flows
would be expected to be seen on the parts of the surface not pre-
viously imaged by Deep Impact. The repetitive outbursts may still
be occurring on Tempel 1 and copious amounts of CO could be as-
sociated with them. Craters associated with source region of the
outbursts should be seen in closely packed arrays. Arcuate or ir-
regular depressions should surround the source regions of all the
smooth flows and there may be enhanced CO emission associated
with the source regions. Similarly, the Rosetta mission has many
experiments relevant to the ideas and phenomena discussed in this
paper. We note in particular the CONSERT experiment which will
probe the interior structure of the nucleus of the target comet by
microwave transmission.

Finally we would like to bring to the reader’s attention the phe-
nomenon of elutriation (described briefly in Section 6) which can
occur in fluidized granular flows. In a given size range lighter par-
ticles tend to be separated from heavier ones and move upward
faster (actually falling more slowly relative to the gas flow). It has
occurred to us that this phenomenon could possibly explain why
the source region of the i2 flow has a higher albedo than the sur-
rounding region and why the area has enhanced water content. If
this is the case then the water crystals, if they are indeed phys-
ically separate from the dust (cf. Groussin et al., 2007), should
typically have a Stokes settling velocity in CO that is greater than
that of the dust particles.
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