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During vacuum sublimation experiments on simulated Martian polar deposits and cometary dirty
ices, a fluffy filamentary sublimate residue material with unique physical properties was produced.
The silica-to-silica bonds that we believe join the particles together are the result of conditions that
may exist in some Martian polar deposits and on some cometary surfaces. Submicron particles of
montmorillonite clay thinly dispersed (1: 1000 clay/water) and not contacting one another in water
ice can form very-low-density structures (density as low as 10~* g cm *) during sublimation of the
ice. The lightweight constructs, when viewed in scanning electron microscopy micrographs, are
composed of long network chains of the clay particles. The material is sufficiently electrically
conductive to drain away the scanning electron microscopy charge. It is also resistant (no change in
electronic properties are apparent) to scanning electron microscopy electron-beam heating for
hours in vacuo. Infrared spectra and X-ray diffraction patterns of the sublimate residues show little
difference from spectra and patterns of the original minerals. Heating in an oven, in air, to 370°C
produces little change in the structure of the sublimate residual material. The particle bonding
forces are strong and produce a resilient, elastic lightweight material. The material is porous and
will allow vapors to diffuse through it, and its thermal conductivity is very low. These properties
produce a high-performance vacuum insulation. This material may have applications for insulating
ice bodies (solid cryogens) in space. The incoming heat is partially carried away by the out-flowing

water vapor. © 1986 Academic Press. Inc.

INTRODUCTION

Geologic studies of the surfaces of Solar
System objects rely on various types of re-
mote sensing, laboratory simulations, and
theoretical modeling. This paper describes
some of the laboratory experiments per-
formed in support of our studies of surfaces
of materials in which a major component is
water ice mixed with mineral particles. Our
objective is to characterize such icy mate-
rials and evaluate them as candidate sub-
strates of various natural surfaces.

The particular experiments reported here
were designed to examine sublimate resi-
dues of dispersions of clay particles in ice.
The properties of sublimate residues are of
interest in understanding the geologic pro-
cesses that may be active within the polar
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deposits of Mars, on the surfaces of the icy
satellites, and on comet nuclei.

In the Martian and comet environments
in particular, the low-pressure and low-
temperature sublimation of water ice con-
taining various amounts of dispersed partic-
ulate matter is thought to be an important
process (Cutts et al., 1979; Brownlee,
1978). In these materials it is believed that
dust particles acted as nucleation sites for
the accumulation of ices during the initial
formation process. The result of this nucle-
ation would be a complex ice in which the
dispersed dust particles are not in contact
(Whipple, 1978). Our experiments show
that under the environmental conditions
that exist on Mars and comets, the water
ice would sublime away, and that an open
filamentary aggregate of fine particles may
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mantle the ice surface, or that these parti-
cles may be released as dusts. The proper-
ties of such sublimate residue mantles—
their densities, the size and shape of any
aggregates, and the degree and type of co-
hesion between particles and particle aggre-
gates—are discussed in this paper. These
particle aggregates are of importance in the
thermal and sedimentation modeling of
Martian and cometary ice surfaces
(Scheidegger, 1974; Fanale and Salvail,
1984) and may provide clues to the geologic
processes that produce certain features
such as cometary mantles or Martian cir-
cumpolar dunes. The properties of the dust
plumes that may be formed will be dis-
cussed at a later time.

To understand these properties, a series
of low-pressure and low-temperature ex-
periments was conducted during which the
water ice was sublimed from dilutions, of
various ratios, of frozen water—clay disper-
sions.

EXPERIMENTS AND OBSERVATIONS

The experimental dispersions were pre-
pared by mixing distilled water with air-
classified montmorillonite clay (size <0.2
pm) in weight ratios of 100: 1 and 1000: 1.
These mixtures were sprayed into an open-
mouth dewar of liquid nitrogen. The indi-
vidual droplets froze very quickly upon
contact with the liquid nitrogen (Fig. 1).
The rate of freezing is a strong function of
the droplets’ size. By minimizing the size of
the spray nozzle and maximizing the atom-
izing pressure, the droplets can be reduced
to micron size. Coarser sprays are pro-
duced from larger nozzles at low pressures.
The slurry of liquid nitrogen and ice drop-
lets in the dewar was then placed in a vac-
uum chamber capable of reaching pressures
below 15 mTorr (20 wbar).

The sublimation process takes several
days to complete and requires more time
with larger quantities of slurry, particularly
if the resultant filamentary residue is very
low in density (i.e., a good insulator). The
final temperature of the ice at depletion was
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Fi1G. 1. High-speed freezing of fine-spray droplets to
produce noncontacting dispersion of clay particles in
ice.

lowest (about —50°C) for the experimental
runs that produced the lowest density fila-
mentary material (Fig. 2) but, because the
thermocouple lead wire was a relatively
large source of heat, the ice would always
sublime away from it so that the measured
temperatures were only relative. A low-
density construct of sublimate residue re-
mained on the bottom of the dewar after
complete sublimation of the water ice.

Experimental results with two different
dilutions of montmorillonite and one of Ca-
bosil in water are given in Table I. This ta-
ble represents results from over 30 different
experimental runs and demonstrates the
variability of the properties of the individ-
ual sublimate residual materials. All of the
sublimate residues formed aggregates capa-
ble of supporting their own weight. They
are also cohesive; two fragments will ad-
here to one another when brought into light
contact.

Optical and scanning electron micros-
copy (SEM) reveal that the sublimate resi-
due 100:1 water—clay mixtures consist of
botryoidal (grape-cluster-like) aggregates of
0.1- to 200-pum-diameter spheres with a
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F1G. 2. ““Ice-cleaned’’ clay particle just after release from subliming ice surface and before contact
with the filamentary particle chain. Water vapor wind entrains the contaminants and carries them away
from the clay particle during the sublimation process.

density of 3 x 1073 g cm™3 (Fig. 3); presum-
ably, this is the size and shape of the coarse
water—clay droplets from the sprayer. The
presence of expansion cracks and vent
holes on the surfaces of most spheres indi-
cates that the outer layer of a droplet
freezes very quickly upon contact with the
liquid nitrogen and is then ruptured by the
expansion of the sphere or by the release of
trapped dissolved gases. Radial tube-like or

open trilete, petal-shaped structures are
common in these relict spheres.

The filamentary sublimate residue
formed by freeze-drying the 1000 : 1 disper-
sion does not retain the original spherical
shape of the fine spray droplets; instead it
consists of an open network of clay parti-
cles (Fig. 4). Reconfiguration of the clay
particles into filamentary particle chains as
this material is sublimed is indicated both

TABLE 1

SUMMARY OF PHYSICAL PROPERTIES OF SUBLIMATE RESIDUES

Particulate material

Montmorillonite
clay

Montmorillonite
clay

Cabosil (glass
smoke)

Dispersion dilution

Density
(g/cm?)

Cohesive nature Mechanical strength

1000 : 1 fine spray

100 : 1 coarse spray

1000: 1 fine spray

0009 “‘Filamentary

residue™ (Fig. 4)

.003 **Botryoidal

residue™ (Fig. 3)

.007

SEM appearance

Rebond nearly Tough and elastic

as good as
original
Less cohesive Less tough and
than 1000: 1 elastic than
1000: 1
Less than Much more friable
above than others

Filamentary
particulate
chains of clay

(Relict shape of
100-um coarse
water droplets)

Filamentary
chains of glass
smoke
particles
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by the change in morphology (nonretention
of the spherical shapes) and substantial re-
duction in bulk density over that which
could be expected if the clay particles had
maintained their original positions in the
ice. If this were the case, the density would
be 3 X 1073 g cm as in the botryoidal case.
If the particles had not reorganized them-
selves into interconnected filamentary
chains upon release from the ice, they
would have settled to the surface of the
sublimation container. This is in fact what
happens upon sublimation of nonsiliceous
materials that do not form filamentary
chains (see below). The filamentary residue
material from the 1000: 1 montmorillonite
dispersion behaved elastically even at 15
mTorr (determined by vibrating the vacuum
chamber and observing the oscillations of
the filamentary sublimate residue over-
hangs). The formation of blisters in the fila-
mentary sublimate residue layer during the
sublimation process is further evidence that
the bonds between clay particles are tough
and flexible. It also indicates that there is
little or no adhesion between the ice and
the sublimate residues forming above it.
A more realistic ‘‘dirty’’ ice, however,
might be expected to have rod-like parti-
cles and aggregates that would maintain a
tensile attachment between the subliming
ice and the sublimate residue (Brownlee,
1978).

Compressive  stress—strain  measure-
ments of the filamentary sublimate residue
give an indication of the elastic—plastic be-
havior of the aggregate material. A repeat-
ing of the stress excursion in the elastic—
plastic portion of the stress—strain curve
proves the material’s inherent elastic prop-
erties even though some hysteresis was evi-
dent. The compressive elastic limit for two
of the filamentary sublimate residue sam-
ples was in the range of 10° dyn cm™? at a
strain of about 50%.

The densities of several samples of the
1000 : 1 filamentary sublimate residue were
determined by weighing several lumps
larger than 1 ¢m? and estimating their vol-

umes. The average density of the 1000: 1
sublimate residue averaged 0.002 g cm™>.
At the low-density extreme, a specific grav-
ity of 0.0009 g cm 3 was obtained from one
lump that was over 10 cm?® in volume. The
typical range for the measured samples,
however, was from 0.001 to 0.005 g cm™}
(the higher density may be due to absorbed
water). The 1000:1 Cabosil filamentary
sublimate residue was 0.007 g cm ™3,

The formation of a less cohesive and
more friable sublimate reside using submi-
cron spherical particles of amorphous silica
(Cabosil) demonstrates that other materials
can form similar filamentary particle chain
structures with somewhat different charac-
teristics (see Table I). The relative weak-
ness is possibly due to the nature of the
bonds at the spherical contact points. The
area of contact between the spherical parti-
cles of the Cabosil is smaller than the area
between the crystalline facets of the clay
particles.

Clay particles are composed of lamellar
structures that can hold water between the
layers. To investigate what effect the pres-
ence or absence of interlayer water might
have on the properties of the clay aggre-
gates, the following tests were performed
on the 1000:1 filamentary sublimate resi-
due. The filamentary aggregate structure
underwent no visible change after more
than 16 hr in the 5 x 107° Torr vacuum of
the SEM. A 30-kV 800-picoamp SEM elec-
tron beam rastered over a small area (ap-
proximately 1 um?) of the material for 3 hr
caused no observable change in conductiv-
ity, build-up of charge, or structural dam-
age. The aggregate must therefore be elec-
trically conductive to some extent. In
addition to the SEM experiments, it was
shown that heating at 181°C at 10 Torr (13
mbar) for 80 hr in a vacuum oven and then
in air to 370°C had no noticeable effect on
the material’s properties. Since tempera-
tures from 120 to 200°C are sufficient to
drive off the interlayer water from mont-
morillonite (Weaver and Pollard, 1973),
persistence of cohesion in the sample is not
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dependent on the continual presence of in-
terlayer or surface water.

Several control experiments were con-
ducted in order to verify that formation of
this filamentary sublimate residue is unique
to the above conditions. In the first control
experiment, a “‘dry’” mixture of montmoril-
lonite and water ice (in which no liquid wa-
ter was ever in contact with the clay) was
mixed together in liquid nitrogen. This
yielded a material that, upon freeze-drying,
resembled the dry, unprocessed montmoril-
lonite clay. This suggests that the clay par-
ticles form the more elaborate and larger
aggregates only when dispersed within the
subliming water ice. In other words, inti-
mate contact between clay and water seems
to be required at some point in order for
strong filamentary or botryoidal aggregates
to form—at least in the time provided for in
laboratory tests.

As additional control experiments,
1000 : 1 dispersions of other fine particulate
materials (the minerals calcite and for-
sterite, and industrial iron oxide, alumina,
graphite, and carbon black) that have intrin-
sically lower solubilities in water than
montmorillonite were each sprayed into lig-
uid nitrogen and then freeze-dried in the
same manner as the montmorillonite and
Cabosil. Each of these materials formed a
thin nonfilamentary, nonfluffy residue on
the bottom of the sublimation vessel.

Four additional control experiments
were made. Slurries of 75-um-diameter
SiO; glass beads were processed in a man-
ner similar to the clay solutions, but the
resulting material was little different from
the unprocessed beads. Dry montmoril-
lonite was mixed with liquid nitrogen and
placed in the vacuum chamber; the result-
ing material exhibited no change in cohe-
sion and an only slightly lower density than
unprocessed montmorillonite. Microscopi-
cally, it was very similar to unprocessed
montmorillonite. Next, a 950: 1 mixture of
deionized water and montmorillonite was
dried for 21 hr in an oven at atmospheric
pressure and temperatures between 83 and
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88°C. The dried clay formed a thin film over
the surface of the container and was hard
and brittle. And finally, a 100: 1 solution of
water and montmorillonite was frozen and
then freeze-dried. The structure of the sub-
limate residue was a relic of the growth in-
terference faces of the ice crystals. The
slowly freezing ice ‘‘zone refined” the
clay particles into petal-like structures that
represented the boundaries between the in-
dividual ice crystals.

DISCUSSION

In the experiments that we have per-
formed, we have discovered a phenomenon
that may be of interest in the study of pro-
cesses that occur on the surfaces of ice
bodies in the outer Solar System. Our ex-
periments indicate that geometrically dif-
ferent cohesive sublimate residues can be
formed from the same ingredients by vary-
ing the process. For silicate materials, solu-
bility product may play a role in determin-
ing the strength of the bond between
particles that form the sublimate residue.
However, the behavior of calcite demon-
strates that solubility is not the only factor.
Calcite particles were much larger, which
may explain why they did not form the fila-
mentary sublimate residue structure.

The nature of these particle-to-particle
bonds are of primary interest. The role of
solubility and other physical and chemical
considerations require additional study.
This initial phase of the work has only dem-
onstrated a process that could occur with
materials and conditions that may exist on
surfaces of Solar System objects.

A filamentary, cohesive sublimate resi-
due appears to be a unique product of the
freeze-drying of a dispersion, in water ice,
of noncontacting particulates with a rela-
tively high water solubility (Linke, 1965). A
botryoidal, cohesive sublimate residue is
formed when contacting particulates dis-
persed in water-ice droplets are sublimed in
vacuo. When other materials such as rouge
(ferric oxide) calcite, forsterite, graphite,
and carbon black were used as particulate
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matter in otherwise duplicate experiments,
no filamentary or botryoidal material was
formed. Both of the filamentary sublimate
residue substances that formed were sili-
ceous and thus had a great affinity for wa-
ter, relative to likely contaminants. Those
substances which did not form filamentary
or botryoidal sublimate residues were less
hydrophilic (Meiter, 1963). In the case of
the filamentary material, perhaps the sub-
liming water vapor cleaned the impurities
from the siliceous surfaces. This cleaning
allowed the particle to be electrostatically
attracted to and then bonded to the growing
filament chain upon its release from the
subliming ice (Fig. 2). This cleaning should
take place as long as the solvent (water)
wets the surface of the siliceous particle
better than it does the contaminating mole-
cules. The solubility product of amorphous
silica in water is 0.003 at 0°C and 0.043 at
100°C (Linke, 1965). The solubility prod-
ucts of water with common contaminants
that might be expected in the proposed en-
vironments (i.e., salts) are relatively high.
The solubility product of silica with salts is
relatively low. Thus, in most cases, the sur-
face of the siliceous particle would have
nothing but water on its surface while in the
liquid dispersion.

For the “‘ice cleaning’’ to work, all the
water has to do to clean the surface is to get
between it and any contaminants—a sepa-
ration distance of perhaps only a few mo-
lecular diameters (Fig. 4). The contaminat-
ing materials are dispersed or dissolved in
the water and trapped there by rapid freez-
ing until they are entrained by the water
vapor wind as the ice sublimes. The con-
cept of “‘ice cleaning” of the contacting
surfaces may also be supported by the
results of the experiment in which the clay
was mixed ‘‘dry’’ with the ice particles in
liquid nitrogen—no fluffy sublimate residue
formed.

Ordinary dry montmorillonite particles
(not otherwise cemented) cohere only
loosely and will maintain an angle of repose
of about 30° on a centimeter scale. By con-
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trast, the sublimate residue from the
1000: 1 montmorillonite dispersion sup-
ports vertical walls and even overhangs at
the same scale. The bonds between parti-
cles are strong, flexible, and somewhat
elastic. The flexible and even elastic behav-
ior of the sublimate residue suggests that
cementing between particles by deposits of
salt on grain boundaries is unlikely. In the
formation of ‘‘duricrust,”” water is
“‘wicked’’ up to the soil surface by capillary
action, where it evaporates, leaving the dis-
solved solids behind at the contact points
between the individual soil particles. In the
sublimate residues, salt bonding of the hex-
agonal clay particles would produce very
fragile structures due to the large change in
cross section of the bond relative to the
cross section of the particle body. Only a
bond strength that approached the strength
of the clay particle itself could be strong
enough to allow the large elastic deforma-
tions that were observed. We speculate that
such strength can only be developed by sil-
ica-to-silica bonds. Also, migration of the
salt to the joint between particles requires
liquid water to be present on the surface at
some point during the process. In the vac-
uum environment in which these experi-
ments were performed the water existed in
only two phases: as ice and as water vapor.
Since most of the spheroids of ice in the
liquid nitrogen were separate and were kept
well below —30°C and did not cohere prior
to introduction into the vacuum chamber,
any montmorillonite bonds which may have
developed between the spheroids necessar-
ily formed in the absence of liquid water.
It is possible, however, that during the
experiment with the 100 : 1 montmorillonite
solution, liquid water may have played a
role in forming montmorillonite grain bonds
within each individual ‘‘grape’” of the ag-
gregate prior to the droplets’ freezing. The
nature of the bonds thus formed is probably
the same as the bonds between individual
particles. In the case of the 100: 1 botryoi-
dal sublimate residue, the particles would
have been ‘‘cleaned’” by the action of the
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water before freezing. As the droplet was
frozen the clay particles were in a suffi-
ciently high concentration or the droplet
was too big to freeze fast, and the clay par-
ticles found themselves touching one an-
other in the ice matrix because of “‘zone”’
refining.

Zone refining refers to a process that oc-
curs at an advancing ice crystal interface.
The ice crystal prefers to include only wa-
ter molecules in its crystalline matrix and
therefore pushes any molecular and partic-
ulate impurities ahead of its growing inter-
face. The impurities are trapped at the colli-
sional interfaces between the ice crystals.

When sublimation from the 100: 1 ice dis-
persion occurred, the monolayers of water
that separated the clay particles were sub-
limed away, and the particles made molecu-
lar contact with one another before they
could be released from the ice surface. This
“‘clean’’ contact formed the same silica-to-
silica bond that formed the filamentary sub-
limate residue. Thus, the only difference
between the botryoidal sublimate residue
and the filamentary sublimate residue is
that the particles that form the filamentary
residue have the opportunity to reorganize
themselves into filaments, and the botryoi-
dal particles remain in their relic structure.

Furthermore, surface water on the mont-
morillonite grains probably has little to do
with maintaining the bonds between the
relic spheres, although it conceivably could
have played a role in the formation of the
bonds. This is experimentally demon-
strated by the fact that there is little or no
change in the properties of the sublimate
residue material after heating or upon expo-
sure to vacuum, which should have re-
moved the physisorbed monolayers of wa-
ter.

The high electrical conductivity indicated
by the SEM experiment suggests that static
charges might be difficult to maintain within
the sublimate residue and that electrostatic
forces between particles might not be very
important.

Perhaps Van der Waals forces or forces
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related to minimizing surface energy could
be responsible for binding particles to-
gether. This seems unlikely given the high
strength-to-weight ratio and the elastic
properties.

We suggest that the contacting surfaces
of the particles may be bonding directly.
That is, the crystalline surfaces of the parti-
cles are ‘‘cold welding”’ or diffusion bond-
ing together. In the botryoidal sublimate
residue, it is likely that many of the clay
particles in the initial 100: 1 solution were
touching each other (with only a few mono-
layers of water between them) prior to the
freezing of the droplets, implying that the
individual clay particles were arrayed in a
“‘house-of-cards’’ structure (van Olphen,
1963). Thus, the sublimation of frozen wa-
ter was preserving an already existing
structure within each drop—an aerogel.
Since the solid particles of clay were al-
ready touching in the presence of liquid wa-
ter (that is, as the solutions were being fro-
zen in the liquid nitrogen, and the particles
were being pushed together as the droplet
froze), the results of the sublimation of the
100: 1 dispersion is necessarily somewhat
different from that which presumably oc-
curs in nature (i.e., Martian polar ices and
comet nuclei) where the clay particles are
believed not to be touching (Whipple, 1978,
p. 67).

In the 1000 : 1 mixtures of clay or Cabosil
the particles apparently are not touching
one another in the liquid or ice states. In the
100: 1 mixtures the particles may not be
touching in the liquid state but are most
likely in contact within the ice droplet. As
the droplet enters the liquid nitrogen, it
freezes from the outside inward, into small
radial crystals. As the ice crystals grow in-
ward, they push impurities ahead of them
(zone refining). The particles are trapped at
the interference faces between the growing
ice crystals. The soluble ions and gases are
swept toward the center where they are
trapped until the spherical ice droplet
cracks from thermomechanical strain.

Unlike the 100:1 mixtures, evidence
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based on bulk densities and SEM images
suggests that the sublimate residue pro-
duced by sublimation of the 1000 : 1 disper-
sion is reorganized—the structure and ori-
entations assumed by the particles in the
sublimate residue are different from those
existing when the particles were in the ice.
This reorganization strongly implies that
most of the particles in the 1000: 1 ice drop-
lets were not in contact with one another
prior to sublimation; instead, they were
completely separated by ice, as the parti-
cles in Mars polar ice and comet ice proba-
bly are. Upon sublimation of the surround-
ing ice, the individual particles are
unsupported so that some reconfiguration
must occur. One possibility is that a newly
freed particle might immediately encounter
other such particulates within a few mi-
crometers (Fig. 2). A spiderweb-like ap-
pearance of the aggregate produced with
the 1000:1 water—clay mix is a probable
indication that this process was dominant
during the sublimation process, and that
whatever bonds formed upon initial contact
were sufficiently strong to prevent subse-
quent collapse. That these bonds are elas-
tic, or at least flexible, is demonstrated by
the formation of bubbles or blisters and the
apparent occurrence of blowholes, all pos-
sibly formed by the exhausting water va-
por, in the filamentary sublimate residue
forming over the subliming ice (Straus and
Schubert, 1977).

In the case of Martian polar and come-
tary sublimate residues, which form at tem-
peratures well below freezing, one or more
of the following three processes may be im-
portant:

(1) The natural materials may be clean
from the start, in that contaminants may
not be available at the time the water ice
condenses onto the siliceous particle.

(2) The last monolayer of water on a sur-
face remains mobile at temperatures well
below 0°C [in fact two monolayers exhibit
this property to temperatures far below
those discussed here (Litvan, 1972)].

(3) Even at the temperatures at which no
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thermal mobility is possible (as with comet
nuclei accreting far from the Sun), photon
or other fluxes might induce significant mo-
bility, given enough time.

Although there may be differences in the
exact temperatures and pressures and dust-
to-ice ratios in nature, the bonds that
formed between particles in the filamentary
sublimate residue developed in essentially
the same environment as would be ex-
pected at the polar caps of Mars or on the
surface of a comet. Refractory particles
previously separated by ice are brought to-
gether in the presence of water vapor at low
pressures (<0.2 Torr) and temperatures
(<—25°C). Therefore, the properties of the
botryoidal and filamentary sublimate resi-
due (1000:1 and 100:1 initial mixtures)
could be relevant to the sublimate residues
of Martian polar cap and cometary sur-
faces.

In summary, we believe that the pro-
cesses which might result in aggregated sur-
face crusts on the Mars residual cap or on
comets may be analogous to—but not iden-
tical to—those which occurred during our
experiments. In our experiments, consider-
able opportunity exists for an attack of lig-
uid H,O on the crystal surfaces. This op-
portunity may also exist in the case of the
Mars residual cap during the hottest portion
of the year, provided that the albedo is suffi-
ciently low and salts are present. It should
also be remembered that much longer times
are available for such an attack to occur on
Mars and on cometary surfaces. Further-
more, the high ion mobility which charac-
terizes the first two monolayers of H,O at
the ice-silicate interface (Litvan, 1972)
may be sufficient, given enough time, to
produce analogous effects. The maximum
temperatures at which we believe these
processes can operate on both the Mars re-
sidual cap and comets are ~220 to 230°K,
and mobility of the two silicate—ice mono-
layers persists to much lower temperatures.
Finally, in the case of comets, the other
forces involved in the evolution of the nu-
cleus surface are so extremely weak (the
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gravity field is only ~10~* G, and the forces
needed to eject grains are far less than what
would be needed to eject our aggregates or
to disrupt them) that processes at least
analogous to those we observed in our ex-
periments must be important, if only by de-
fault.
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