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ABSTRACT

The “ponds” on asteroid (433) Eros are fine-grained deposits approximating flat (quasi-equipotential)
surfaces with respect to local topographic depressions (e.g., craters) in spacecraft images. These ponds
are discussed in the context of laboratory simulation experiments, crater-related ponded and pitted
deposits observed on Mars and Vesta, terrestrial phreatic craters, and degassing features associated with
eroded impact craters on Earth. While the details of formation of these features on Mars, Vesta and the
Earth are thought to be different, they all include mechanisms that require the interactions between
surface materials and volatiles (e.g., water vapor). Indeed, analogous features similar to the Eros ponds
can be reproduced in the laboratory by the release of vapor (ice sublimation, water evaporation, or N5)
through an unconsolidated regolith (independent of regolith composition). Eros is widely thought to be
dry, but the discovery of exogenic water on Vesta, and recent arguments that subsurface water might be
present in the inner asteroid belt suggest that endogenic water might also be present and serve as a
source of the gases produced in the ponds. The amount of water required is comparable to the amount of
water observed in little-metamorphosed ordinary chondrites (a few wt%). The primary morphologic
characteristics of the Eros ponds can be explained in this model. The heat source for degassing could have
been solar heating following transfer from a main belt orbit to a near Earth orbit. Although other
hypotheses (e.g., electrostatic levitation, seismic shaking, and comminution of boulders) can account for
most of the features of the ponds, recent observations regarding the role of volatiles on planetary sur-
faces, our laboratory experiments, and fluidization deposits on active comets suggests that degassing is a
reasonable hypothesis to be considered and further tested for explaining the Eros ponds, and similar
features on other bodies.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

crater inclined to the local gravitational potential will have an
off-set pond. However, recent work suggests this may not be as

The “ponds” on asteroid (433) Eros appear to be flat-topped
fine-grained deposits that embay and fill local topographic
depressions — most often craters. They were observed early in the
NEAR-Shoemaker mission during its one-year orbital exploration
of Eros and they were found to be ubiquitous (Robinson et al.,
2001, 2002). An example is shown in Fig. 1. Most noteworthy is the
flatness of the ponds, which Robinson et al., and others, have
suggested to be perpendicular to the gravity field, although the
gravity field is complex and not that well known. Similarly, the
ponds are often displaced from the center of the depression in
which they are located and are gravitationally controlled, i.e. a
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straightforward as previously suggested (Roberts et al., 2014a). The
morphology of the ponds is fairly uniform, but spectroscopically
the surface of the ponds is slightly blue relative to the surrounding
plains, suggesting a finer grain size or younger regolith (less space
“weathered”) material (e.g., Heldmann et al., 2010). Sometimes
they appear streaked, suggesting perhaps grain sorting during
movement or mass movement after emplacement. Robinson et al.
(2001) also observed that the ponds have a radius that is typically
one-third of the radius of the host depression, and they are fairly
shallow, only 5% of the depth of the host depression, so the
amount of material is small relative to the crater volume. They
observed that the ponds are concentrated along the subsolar
points and in regions of low gravity (Fig. 2) may be an artifact of
image resolution as these regions are where the spacecraft was
especially close to the surface (Roberts et al., 2014b). Otherwise,
this potential relationship between pit concentration and the sub-
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Fig. 1. Example of a typical pond at the bottom of a crater on Eros containing a
prominent boulder. The field of view is 220 m and the location of the crater is
179.04°W, 2.42°S. (NASA/JHU, image MET 155888598, resolution 0.55 m/pixel).
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Fig. 2. (a) Map of Eros showing the location of ponds (dots), the craters Psyche (P),
Shoemaker (S), and Himeros (H), and gravity contours (labeled 0.55, 0.5, and
0.45 cms~2; unlabeled closed contours at 170°W and 20°W are 0.25 and
0.30 cm s~ 2, respectively). Ponded deposits are found preferentially in regions of
relatively low gravity. (b) The amount of time an area receives direct sunlight (85-
90° incidence angle) on a relative scale; darkest least, lightest most. The distribu-
tion of ponds follows the locus of the Sun across the Eros sky. (From Robinson et al.,
2001, where the original color versions of these figures may be found). Roberts
et al. (2014b) suggest that this correlation is an artifact caused by higher image
resolutions when the spacecraft is closest to the asteroid.

solar point not only suggests mass transport, but also a depen-
dency on solar insolation. Placing further constraints on the
emplacement and formation of ponds on asteroids may reveal
important clues with respect to surface process and the evolution
of small solar system bodies.

When the ponds were first described, Robinson et al. (2001)
suggested that they were formed by the electrostatic levitation
and transport of dust, a possibility anticipated for asteroids by Lee

(1996) and similar to the process that has been described for the
Moon (Gold and Williams, 1973; Stubbs et al., 2005; Poppe and
Horanyi, 2010). This would account for most of the ponds' physical
properties, especially their possible dependence on insolation.
However, despite obtaining clear images of the horizon, the NEAR-
Shoemaker spacecraft a “horizon glow” similar to that observed on
the lunar surface and was thought to be an evidence of the elec-
trostatic levitation mechanism on the Moon (Stubbs et al., 2005,
for a brief summary and some recent ideas in the lunar case). This
does not preclude possible electrostatic activity in the past.

Cheng et al. (2001a) rejected the idea that electrostatic pro-
cesses were the cause of the ponds and instead suggested that
“seismic shaking”, movement due to the vibrations caused by
meteorite impacts, caused the mass movement of fine surface
materials to locations of low gravity. The movement and con-
centration of fine-grained material in the aftermath of an impact
had been previously described by Cintala et al. (1979). This idea
has gained much support and has been invoked to explain regions
of fine-grained material on several other asteroids (e.g. Itokawa,
Miyamoto et al., 2007; Lutetia, Vincent et al., 2012). We note that
electrostatic levitation and boulder comminution (see below)
would also require some form of seismic shaking (Roberts et al.,
2014a).

However, Dombard et al. (2010) argue that since ponds are
observed in regions of low slope and high elevation, seismic
shaking is unlikely. Instead, they observed that there were normal
boulders associated with the ponds, this is the case in the example
in Fig. 1, and suggested that it was the impact-induced commi-
nution of boulders inside craters that caused the ponds rather than
mass transport material into the crater. Boulders are a common-
place on Eros and are ubiquitous across its surface (Durda et al.,
2012). The association of boulders with ponds may be coin-
cidental, as we mentioned above, or observational biases since
boulders tend to readily stand out on the flat surface of a pond.

In several cases, it has been suggested that the Yarkovsky effect
caused movement of dust from the poles to the equator of small
asteroids (e.g. Marchi et al., 2010). As yet, Yarkovsky redistribution
of dust has not been associated with the formation of ponds,
although this is also possible.

Most of the properties of the Eros ponds reflect the mobiliza-
tion of surface regolith in a way that concentrates the fine-grained
fractions near the surface and within the depressions. The beha-
vior of granular flows was reviewed at some length by Jaeger and
Nagel (1992) and depends on the particles and the containers.
Robinson et al. (2001) noted that ponded deposits on Eros drape
and pile up against pre-existing topography and showed pictures
of a topographically isolated crater with a small interior pond,
showing that the ponded material did not flow in surrounding
terrain. Cheng et al. (2001b) also stated that isolated ponds could
be found without a nearby debris flow on Eros and thus ponds
could be adjacent to debris flow by chance rather than by co-
generation.

Most of the mechanisms for explaining the Eros ponds pro-
posed to date, besides fluidization, involve dry-mobilization of
materials. Whereas, Kareev et al. (2002) and Haseltine et al. (2006)
suggested that the trigger to flow could be the release of volatiles
from the interior of the asteroid. Franzen et al., (2003) and Moore
et al. (2003) performed experiments under microgravity condi-
tions and found these fluidization effects were impossible to avoid.
Once triggered, they needed very little in the way of a carrier gas.
They also described how “waves” of granular material can embay
the sides of obstacles (e.g., crater walls in the case of Eros). The
role of volatiles during energetic events like impact (e.g. Kirsimde
and Osinski (2013); Stoffler et al., 2013; Artemieva et al., 2013) and
volcanism (e.g. Hughes et al., 1999) has recently been discussed by
many workers and is also demonstrated by the presence of “pits”
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within bodies of impact melt-bearing deposits on Mars (Torna-
bene et al., 2012; Boyce et al,, 2012) and even Vesta — a body
previously thought to be extremely dry (Denevi et al., 2012). The
Vesta ponded and pitted deposits occur both on the crater floor
and, to a lesser extent, on ejecta blankets which are similar in
fashion to the ones observed on Mars and impact melt deposits
around well-preserved lunar craters. Results from the gamma ray
and neutron detector (GRaND) on the Dawn orbiter (Prettyman
et al.,, 2012) shows that the craters that possess these deposits
occur where hydrogen concentrations are the highest on the body,
suggesting a link with volatiles (Denevi et al., 2012). There has
therefore been increasing appreciation of the role of volatiles on
planetary surfaces, including small solar system bodies. In con-
ference abstracts, Kareev et al. (2002) and Hasseltine et al. (2006)
describe the formation of laboratory analogs of the Eros ponds by
degassing of fine powers in a planetary environmental chamber.
Here, we discuss these laboratory simulation experiments in the
light of recent discussions of volatile behavior during energetic
events on planetary surfaces.

2. Volatile-produced structures in the laboratory on Mars and
Vesta, during terrestrial impact and during terrestrial
volcanism

2.1. Laboratory simulations

2.1.1. Theoretical background

The interaction of volatiles and solid particles is reasonably
well understood because of its importance in industrial processes
(e.g. Kunii and Levensiepel, 1991) and pyroclastic volcanism (e.g.
Parfitt and Wilson, 2008). An interesting example of how labora-
tory measurements can help understand pyroclastic emplacement
is the study of Wilson (1980). Quantitative treatments for size and
density sorting have been invoked to explain the chondrule size
distributions in meteorites (e.g. Whipple, 1972a, 1972b; Dodd,
1976; Rubin and Keil, 1984), the metal distribution in chondrites
(Schneider et al., 2003), and the formation of the chondrite classes
which are driven largely by the size and density sorting of chon-
drules and metal grains (e.g. Huang et al., 1996; Akridge and Sears,
1999). The process is best described by the Ergun equation, which
equates the upward drag on the particulates by the flowing gas to
the downward force on the particulates due to gravity:

1.75R2 L 1501 - oR d3pg (ps — pg)E
e*p 92 W M
where R, is the Reynolds number ¢ is the void fraction under
minimum flow conditions, d is the particle size, p, and p; are the
gas and solid particle densities, ¢ is the sphericity, g is the accel-
eration due to gravity, and yu is the viscosity. Typical values for
these parameters and results are given by Huang et al. (1996) and
Akridge and Sears (1999). Essentially, the flow rates needed to
obtain fluidization on a 10-km asteroid with particulate properties
similar to chondrites are very low, say 0.1-1.0 mm/s.

2.1.2. Experimental setup

An unexpected observation made during measurements of the
evaporation rate of water under a variety of simulated Mars-like
conditions (Chevrier et al., 2007) provided the basis for the pre-
sent idea that Eros ponds might be the result of gas-driven flui-
dization. The equipment consisted of a cooled cylinder 2 m high
and 21 cm in diameter, which was evacuated to about 0.1 mbar
(where 1 mbar=100 Pa) and, normally, filled with a CO, atmo-
sphere to 6 mbar (Sears and Chittenden, 2005; Sears and Moore,
2005). However, for the present observations the pressure was

Table 1
Experiments in the planetary environmental chamber.

Expt. Soil simulant Volatile source Atmosphere pressure

(mbar)

A Mars-1 20 g ice, in open glass 300

containers
B Mars-1 20 g water, in permeable 0.3-300

containers
C Mars-1 20 g ice 0.3-300
D Mars-1 1 g of ice 0.3-300
E Tephra none 0.3-300
F Sand N, gas, via tube 0.3-300
G Sand N, gas, via tube 0.3
H Basalt Undetermined amounts of ice 6

and water
[ Phyllosilicates Undetermined amounts of ice 6

and water

determined by gas release rates and remotely observing the sur-
face; it sometimes reached 300 mbar. Water or ice was buried
under layers of four different types of regolith simulant (Table 1):
(1) the Mars regolith simulant, JSC Mars-1, (2) the tephra used to
produce JSC Mars-1 but in its natural state (with 11 vol% adsorbed
water), (3) crushed basalt, and (4) crushed phyllosilicates. The
powders had a broad range of grain sizes between ~20 pm and
~300 pm. The JSC Mars-1 simulant is a Hawaiian tephra from Pu'u
Nene, a volcanic cone at 1850 m elevation on Mauna Kea's south
flank that has been dried and sieved. It was obtained from Carl
Allen, Johnson Space Center, Houston. The preparation of the
simulant and its physical and chemical properties were described
in detail by Allen et al. (1998). We also obtained a 50 gal drum of
the same material to use in our large scale chamber experiments.
The basalt is the same as that used in our experiments to explore
the behavior of water under a basaltic regolith (Bryson et al., 2008)
and the phyllosilicates were the same as those used in the work of
Chevrier et al. (2008). In addition, experiments to simulate pro-
cesses on asteroidal regoliths used a simulant consisting of quartz
and iron filings with chondritic Fe/Si ratio. Details of these chon-
drite simulant experiments were reported by Franzen et al. (2003)
and Moore et al. (2003). In experiments most relevant to the
present paper, quartz pebbles (0.5-1 cm in size) were placed on
the surface to simulate a coarse-grained fraction (i.e. “boulders”).
In all cases, the depth of the simulated regolith was typically
40 cm.

The behavior of the simulant as pressure was reduced in the
chamber was monitored by video cameras installed 15 cm and
30 cm above the surface. An Ocean Optics visible spectrometer,
with a range of 400-950 nm, was mounted outside the chamber
but observed the surface through a light guide to ~10 cm verti-
cally above the volatile source in the regolith. After the experi-
ment, the chamber was opened and photographs were taken of
the surface being careful not to disturb the regolith. However,
because of the geometry of the set-up, photographs could only be
taken normally to the surface using normal lighting.

2.1.3. Results

As the chamber was evacuated, there was a sudden onset of
“fluidization” of the regolith when pressures reached ~10-
300 mbar at 0 °C and pumping rates of 0.37-0.57 L/s. There was a
clear and reproducible sequence. First, there was a sudden onset of
churning of the regolith. Second, there was the generation of a
“plume” of fine-grained dust. Churning would typically continue
for some time, but with decreasing intensity with time. Typically it
would take 30 min for a 250 mL water supply to be exhausted. To
simulate this behavior when using N, we would slowly turn off
the supply after about 30 min. Third, a depression would slowly
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BEFORE

Fig. 3. One g fluidization experiments on the surface of loose unconsolidated sand.
Top, the original surface with centimeter-sized pebbles sitting on a coarsely sieved
surface of Hawaiian tephra. Middle, the surface after water vapor has been allowed
to pass through the mixture. Pebbles have disappeared, a bowl shaped depression
has formed, and the bottom of the depression has been filled with a deposit of fine
grains. Bottom, since these images were taken under vertical illumination-making
it difficult to see the structures - we show a sketch to guide the eye. The outer
contour indicates the limits of the depression; the inner contour indicates the
region of fine-grained deposits. The field of view is about 35 cm.

form over the volatile source as the plume became weaker. It was
clear from the real-time video as soon as a depression formed, it
had a flat floor that was covered with a bright layer of fine-grained
material. The larger grains and the pebbles, originally present on
the surface, disappeared although outside the rim of the depres-
sion they were still at or near the surface (Fig. 3). The final
structure was very similar to the NEAR-Shoemaker images of pond
deposits within small craters on Eros (c.f., Figs. 1 and 3). We show a
cartoon of this process in Fig. 4.

Upon opening the chamber and dissecting the regolith, the
missing pebbles were found to have sunk towards the source of
volatiles or migrated outside the depression. In fact, there
appeared to be a cone of mobilized material, centered on the
volatile source, with the depression at the surface in the center of
the cone and pebbles generally buried but at the edge of the
mobilized cone of material. The flat surface within the depression
consisted of a ~3-4 mm layer of fine grains, which coarsened and

thickened towards the crater walls. While initially the surface of
the regolith simulant had a fairly uniform increase in abundance
with grain size up to 300 pm, after the experiment there was a
sharp peak in grain size at ~50 pm (Fig. 5).

The sorting behavior observed during degassing was essentially
independent of the composition of the regolith simulant. Likewise,
replacing water vapor with nitrogen gas produced the same
results. The behavior of the bed and the particle sorting is clearly a
purely a physical process that does not depend on the composition
of the solid or vapor. We concede that in the present experiments
our substrates were fairly similar and fairly homogeneous in
density. Particle-size sorting occurs rapidly in fluidized beds that
are mixtures of differing size and density (Huang et al., 1996;
Franzen et al., 2003; Moore et al., 2003).

In the case of the natural tephra, where there was no localized
source of volatiles but the water adsorbed uniformly throughout
the regolith layer, low levels of churning occurred throughout the
regolith sample. Again there were “plumes” that decreased in
intensity with time and ceased observable activity at about the
same time as the rest of the regolith.

Under the atmospheric pressures and temperatures of our
experiments, the equilibrium state of water is ice although our
experiments involve continuous pumping and so conditions are
not at equilibrium. During most of our experiments, water vapor
was probably being produced by both vaporization of liquid water
and the sublimation of ice. Even for experiments in which we
started with liquid water, the water quickly froze due to adiabatic
cooling. The ice continues to sublimate, but at a slower rate than at
the onset of vaporization. For about 72 h after the beginning of the
experiment, we could recover blocks of ice near the location of the
original water or ice source. After about a week or more we found
only dry soil.

In addition to increasing the abundance of fine grains on the
surface, the degassing process increased the reflectivity of the
surface without changing the spectrum (Fig. 6). A similar bright-
ening due to decrease in grain size of the regolith was observed by
Heldmann et al. (2010).

2.2. Possible Martian analog observations.

Densely pitted crater-related deposits associated with 204
craters, occasionally including ponded deposits behind terraces
and on the ejecta blankets, were recently observed on Mars; the
pits are attributed to the release of volatiles due to the interaction
between subsurface water/ice and impact-generated surface
materials, i.e., highly shocked rock and impact melt deposited
following an impact (Tornabene et al., 2012). The pits are poly-
gonal to quasi-circular features (Fig. 7), ~10 m to 3 km in size, in
craters 1-150 km in diameter, distributed around the planet at
latitudes between 53°S to 62°N. Boyce et al. (2012) likened the
texture and pattern of multiple overlapping pits to a froth and
explained their formation in terms of explosive degassing of water
from water-bearing, impact melt-rich breccia at the time of
deposition, consistent with the interpretation of Tornabene et al.
(2012). These authors also likened these features with the segre-
gation channels, or vent pipes, observed in cross-section with
outcrops of eroded suevite deposits at the Ries impact crater in
Germany.

There are, of course, numerous differences with respect to the
formation of environment of the pits on Mars and the ponds on
Eros. On Mars, the target surface contains a considerable amount
of volatiles; Mars is a much bigger object, and there is a mea-
sureable atmosphere - although the atmosphere appears to be
unimportant for pit formation based on current formation models
(Boyce et al., 2012), and consistent with their observation on Vesta
(Denevi et al., 2012). Their relevance to our proposed mechanism
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Fig. 4. Cartoon describing the method by which a ponded crater is formed during fluidization of an unconsolidated regolith containing a mixture of grain sizes. (a) Initial bed
of coarse and fine grains. (b) The release of volatiles from depth causes finer grains to be lifted out of the bed sculpting a shallow crater-like depression as mass is lifted and
lost (elutriated) or falls back at the peripheries of the vent. (c) As gas flow attenuates, a crater is formed due to the collapse of the once fluidized bed and smaller grains are no
longer carried aloft. (d) The final situation is a crater-like depression filled with a flat layer of fine grains. A variation on this theme is that the crater hosting the pond was
formed by an impact that excavated volatile-rich material and brought it closer to the surface where it degassed and fluidized the surface grains.
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Fig. 5. Observed size distribution of grains in the mock regolith simulant before
and after degassing. Originally the surface of the regolith simulant was dominated
by grains in the 200-220 and 266-280 pm sieve fractions, but after flow of water
vapor through the bed, within the new circular depression formed by the degassing
the coarse grains disappeared and the bed became dominated by grains in the 40-
80 pm sieve fractions. The fine grains filled the depression caused by the slow
termination of the gas flow. Lines are best fits of polynomial equation (b-spline).
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Fig. 6. Visible spectra for the surface of the regolith simulant before and after the

degassing experiment in the circular depression formed by the gas flow. The sur-

face showed a significant increase in reflectivity after the experiment without any
significant change in the spectrum.

for the formation of the Eros ponds is that both are a manifestation
of processes occurring during the loss of volatiles from a low- to
non-cohesive and “fluidized” surface.

2.3. Possible Vesta analog observations

Arguably the biggest surprise of the visit by the Dawn space-
craft to the dwarf planet Vesta was that it found evidence for
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b

Fig. 7. (a) Image of crater-related pitted materials on the floor of the ~28 km
diameter martian crater Tooting obtained by the HiRISE instrument on Mars
Reconnaissance Orbiter. (NASA/JPL/UA PIA 16185). (b) A key identifying the pitted
terrain.

volatiles on the surface of this basaltic, and what was otherwise
considered to be a dry lunar-like planetary object. This was a
surprise despite the long-known presence of abundant volatile-
rich CM chondrite-like clasts in the howardites (Wilkening, 1973),
basaltic breccias from Vesta (Drake, 2001). CM chondrites contain
up to ~10vol% water, although the clasts in howardites are
dehydrated, presumably during or subsequent to emplacement.
There is at least one vesiculated eucrite, but McCoy et al. (2006)
suggested that the volatile was CO or CO2 since the meteorites
were currently dry. However, the presence of CM clasts suggests
that was not always the case. In any event, De Sanctis et al. (2012)
reported 2.8 pm OH bands in the visible/near IR spectrum of Vesta,
suggestive of hydrated minerals, which are located in low albedo
regions. The GRaND instrument on Dawn also detected hydrogen
in the low albedo regions (Prettyman et al., 2012). The low albedo
regions are explained by McCord et al. (2012) as deposits of exo-
genic carbonaceous materials — probably low angle and low
velocity impactors of CM chondrite-like materials. Clearly, there is
ample evidence that volatiles were present during some of the
igneous or melt phase history of Vesta.

Scully et al. (2012) claimed to have found gully-like features on
the inside walls of craters on Vesta which may be attributed to
fluid/volatile-abetted processes; although, in a more recent pub-
lications by these and other authors they interpreted the low
sinuosity flows as dry mass wasting (Scully et al., 2013) or dry
flows (Krohn et al., in press). Less controversial is the observation
of crater-related pitted terrain on Vesta (Fig. 8), reported by Denevi
et al. (2012), which are nearly identical both morphologically and

morphometrically to those observed on Mars (Tornabene et al.,
2012). As with Mars, the pitted terrain consists of irregular pits,
which are thought to form by degassing of volatile-bearing
material heated by impact. Again, Vesta is a bigger object with an
older surface than Eros, but the surprise existence of presumably
exogenic water on Vesta does prompt the question of whether
surprise exogenic water might be present in smaller amounts on
other asteroids.

2.4. Possible impact analog observations

While surface conditions on Earth and Mars are very different,
there has been an increased interest recently in the role of vola-
tiles during meteorite impacts on Earth. The effect of target
lithology on the products was recently reviewed by Osinski et al.
(2008) who point out that while similar amounts of melt are
produced by impact into crystalline and sedimentary targets, the
melt products appear very different. The presence of volatile
components in the target increases melt viscosity and increases
the possibility of explosive reactions. Newsom et al. (1986) also
described numerous fluidization effects observed in the field at the
Ries Crater in southern Germany (Fig. 9). Most noteworthy are
pipe structures (or channels) that were produced when the escape
of volatiles formed conduits to the surface through suevite
deposits (i.e., impact-melt-bearing breccias). Unpublished field-
work by one of the present authors (GO) shows: (1) that these
features are not distributed evenly throughout the ejecta, and
(2) the ‘pipe structures’ are typically decimeters across and several
meters long. We do not know the original scale of the Ries
degassing features, nor their surface manifestations, because sur-
face degradation processes and vegetation have obscured the
story. About half of the known terrestrial impact craters show
signs of hydrothermal activity resulting from interactions between
volatiles and target materials (Kirsimde and Osinski, 2013). Vapor
dominated reactions occur early in the process (to produce garnet,
epidote, and feldspar), and liquid dominated reactions occur last
(to produce carbonates, sulfides, and Fe-oxyhydrates), with vapor-
liquid reactions producing phyllosilicates at intermediate condi-
tions. The presence of both pipe structures and hydrothermal
minerals indicates that volatiles are released by processes asso-
ciated with the impact event.

The proposed mechanism for forming the Eros ponds is pos-
sibly more analogous to the fluidization pipes at the Ries Crater
than the other analogs. The Ries fluidization channels are pro-
duced when fluids released from depth found their way to the
surface. The surface expression of the channels has been removed
by erosion and obscured by vegetation, but one might expect a
broadening out and an infill of fine-grained material. Under the
lower gravity of an asteroid, one might expect more elutriation of
fine grains.

2.5. Possible volcanic analog observations

While clearly no volcanism has occurred on Eros, it is possible
that the phreatic craters, or the maars, may have some level of
analogy to the present proposal that the Eros ponds are the result
of fluidization processes. The effect of volatiles on volcanic pro-
cesses has long been known because of the devastating effect of
historic nuées ardents (e.g. Parfitt and Wilson, 2008). Well-docu-
mented examples of phreatic craters are found, for example, at the
Craters of the Moon National Monument and Preserve (Fig. 10;
Hughes et al., 1999; Greeley et al.,1977a; Greeley and Schultz, 1977;
Womer, 1977). Probably the best known of these lies on the Great
Rift and is known as Kings Bowl, which was formed 2,220 + 100
years ago when a magmatic dike encountered subsurface water.
The resulting explosion created an 85 m long, 30 m wide and 30 m
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Fig. 8. The 70 km crater Marcia on Vesta whose floor contains pitted terrain produced when volatiles were released from a melt during the later stages of impact. Image
obtained by the Framing Cameras on the Dawn spacecraft. Note the difference in geometry of the two images; the detail is foreshortened relative to the image on the right.

(NASA/JPL PIA 16182).

Fig. 9. Three channels, or degassing pipes, from an outcrop at the Ries crater, in
southern Germany, formed by the elutriation of fine particles as volatiles were
released from a once fluidized bed. Rock hammer for scale. (Photograph by Gordon
Ozinski).

deep crater and ejected blocks to distances in excess of 100 m. It is
probable that boulders were originally scattered in all directions,
but deposits from a large tephra cloud have obscured the blocks
towards the east. Other phreatic pits have been described on the
lava fields in the vicinity of Craters of the Moon. Some have been
smoothed over by loess and surrounded by subsequent flows
(China Cap), some show evidence for multiple events (Split Butte).
Kings Bowl is more deep rooted and exposes underlying strata.
The phreatic volcanic craters differ from the pits on Mars and
Vesta because in the terrestrial case the lavas encountered water,
whereas on Mars and Vesta the water was dissolved in the melts.
Thus the reaction that produced the Kings Bowl was more
explosive than the processes producing the Vesta and Mars pits
which were more like a bubbling oatmeal or froth. The main point
however, is that the phreatic craters are another indication of the
widespread nature of features on planetary surfaces produced

when volatiles interact with surface materials. However, other
forms of phreatic features are maars, one of the best examples of
which is the famous Ukinrek Maars, in Alaska (Kienle et al., 1980).
Maars are shallow, broad, low-rimmed explosion craters formed
by phreatic and phreatomagmatic eruptions with crater diameter
to rim height ratios are usually about 10:1 or less. The infill is fine-
grained, typically 0.2-2 mm.

3. Discussion

With a growing interest in the effects of volatile behavior on
the surfaces of planetary bodies, we reexamine the suggestion of
Kareev et al. (2002) and Hasseltine et al. (2006) that the formation
of the Eros ponds might be related to the release of volatiles
through an unconsolidated regolith. These volatiles could be
endogenic, released from depth through channels caused fractures
in the crust, or excavated by impact, or they could be exogenic,
brought onto the asteroid by the impact of water-rich (CM-like)
projectiles.

3.1. Comparative planetary degassing and pit-like structures

Of course, while there are similarities between the present
experiments, the Vesta and Mars pits, the phreatic craters and the
degassing at impact sites, there are notable differences. The pon-
ded and pitted deposits on Mars and Vesta most probably repre-
sent the release of endogenic volatiles trapped within the melt-
bearing breccias and released during the interaction of impact
with the target (on Vesta or Mars). In the case of the Kings Bowl
phreatic crater, it was the melt coming suddenly into contact with
water that produced an explosion and resulted in a crater. The
impact process differs from the volcanic process in which water
and ice can be incorporated quite suddenly into impact-melt
bearing deposits (i.e,, during the impact processes); this is because
the excavation flow is perpendicular to the shock front, which
effectively allows molten silicate to be excavated and deposited
along with very low shock materials such as ice and water-rich
materials. The sudden generation of such a deposit would imme-
diately react to reach thermal equilibrium and the volatiles would
be rapidly released to react physically and chemically with the
rocks and melts, either as vapors or condensed liquid.

Thus, while processes during impact, volcanism, or insolation
induced degassing are very different, the latter stages of these
processes on Mars, Vesta, and the Ries are somewhat analogous in
that they all involve the behavior of volatiles in conjunction with
cohesive materials and involve some aspects of fluidization. After
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Fig. 10. Phreatic craters at the Crater of the Moon National Monument and Preserve. Top left, China Cap (265 m rim-to-rim, 240 m inside diameter), top right, Split Butte
(600 m in diameter), bottom, Kings Bowl (90 m by 30 m). China Cap is covered with later lava, and Split Butte represents two events. Kings Bowl is the most recent event and
ejecta blocks can be seen, especially on the west. These structures appear to be analogous to the pits on Vesta and Mars and might be expected to be present on the surface of
many NEAs where water-bearing material is present. (China Cap image from Google Earth, Split Butte image was taken by Susan Sakimoto and Scott Hughes, Kings Bowl is a

national Parks Service image.).

formation and emplacement, by whatever process, the volatile-
rich deposits continue to slowly release volatiles to produce the
structures observed.

3.2. Comparison of laboratory with the Eros ponds

According to Robinson et al. (2002), the major properties of the
Eros ponds are that (1) they have distinctive flat floors sometimes
showing non-central downside movement, (2) they have sharp
boundaries, (3) they have uniform morphology, color and albedo,
(4) they typically have a radius ~1/3, the diameter of the host
crater and a depth ~5% of the host crater diameter and that they
are not concentrations of a uniform widespread ejecta, and
(5) they can be seen on other (non-crater) depressions. Addition-
ally, the Eros depressions appear preferentially at the locus of the
sub-solar point and they are more abundant in regions of lower
gravity, however we note again that the conclusion that the ponds

are preferentially located at loci of the subsolar point has been
challenged (Roberts et al., 2014b).

The model structures in our laboratory experiments have most
of the morphologic attributes described earlier. The morphogies
formed in our chamber are flat, uniform, structures with sharp
boundaries and they have depth to diameter ratios of ~5%. It is
important to distinguish that we did not attempt to create these
features in craters, but crater-like depressions formed and the
fine-grained deposits tended to build up within them during our
degassing experiments. This is in agreement with experiments by
Mills (1972), which showed that a slow attenuation of the gas flow
through a fluidized bed could create crater-like features. This does
not mean that these features are never associated with craters,
which could excavate volatiles and cause fluidization in crater
bottoms. We probably have both, fluidization-produced “craters”
with ponds and fluidization-produced ponds at the bottom of
impact craters. Our simulated ponds showed all of the physical
features of the Eros ponds except (1) the presence of boulders in
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the ponds, and (2) the spectral differences between the ponds and
the surrounding plains - both of which already have explanations.

The absence of boulders (i.e. the centimeter-sized quartz peb-
bles in our case) is explained in two ways. First, it can be ascribed
to the thickness of regolith in our experiments. Our experiments
provided a greater depth to which boulders could sink within the
fluidized bed; whereas the fine deposits in the ponds on Eros are
constrained within the crater bowl. The concentration of boulders
on the surface during fluidization is a mechanical effect that occurs
in locations where movement is restricted so that fines can move
freely but boulders cannot. This is sometimes referred to as “the
Brazil nut effect” (Asphaug et al., 2001). Second, the presence of
boulders on Eros can be explained as a result of the ubiquitous
distribution of boulders over the surface of Eros caused by a major
impact on a low gravity body (Thomas et al., 2001). In fact, the
distribution of ejecta from the impact that produced the Shoe-
maker Crater (Thomas et al., 2001) resembles the distribution of
ponds, especially in its equatorial concentration.

Our experimentally produced “ponds” differ from the Eros
ponds in that the ponds on Eros appeared slight bluer than the
surrounding regions. We infer from this that the blue nature of the
ponds on Eros reflects their youth relative to the surrounding
materials, rather than grain size (REF); in contrast, space weath-
ering is known to redden chondrite-like surfaces on asteroids (e.g.
Clark et al., 2002). Performing these fluidization experiments with
chondritic regolith might clarify the cause of the color difference.

3.3. Water on Eros?

There are two ways in which water could reside on or near the
surface of Eros. (1) There could be endogenous subsurface deposits
rich in water, either as ice or chemically bound water, as seems to
be the case for Ceres (Kiippers et al., 2014). (2) There could be
exogenous sources of water brought to the asteroid by volatile-rich
impacts, just as appears to be the case for Vesta (e.g., Prettyman
et al,, 2012; De Sanctis et al., 2012a).

The clues to asteroid interior composition and structure, and
whether it is water-bearing, are bulk density and meteorite
compositions:

Bulk densities: The bulk densities of asteroids range from 1.2 to
44¢g/cm® (1g/cm>=1000 kg/M3) with S asteroids averaging
2.4 g/cm® and C asteroids averaging 1.8 g/cm?® (Table 2; Viateau
and Rapaport, 2001). This is considerably below grain densities
and usually assumed to indicate that the asteroids are highly
porous. However, these low densities could also be a result of
significant amounts of free or bound water; whether free or
bound, the effect on bulk density is the same. Fig. 11 shows the
calculated density for asteroids, with anhydrous grain densities of
3.5g/cm® and containing various amounts of water and with
diverse porosity. The bulk density of C asteroids can be explained
by a composition similar to C chondrites, with ~10-20 vol% water,
and porosity of ~25-35 vol% (Table 3). A more significant com-
parison is S asteroids with ordinary chondrites whose predicted
porosity assuming anhydrous asteroids is ~25%, a factor of three
or four larger than observed for ordinary chondrites. Ordinary
chondrite porosities range from ~1% to ~18%, with averages of
6.4%, 4.5%, and 7.9% for H, L, and LL chondrites, respectively (Britt
and Consolmagno, 2003). Ordinary chondrite porosities would
require ~20 vol% water (~2.2 wt%), to be present in the asteroid
to match bulk density. In short, the bulk densities alone do not
preclude significant water in Eros-like asteroids; it is simply the
prevailing view that water was absent in objects that formed
inside the “snowline”. As we showed above, the amounts of water
vapor required to produce ponds on the surface of an asteroid by
fluidization are quite low.

Table 2
Asteroid densities (Britt et al., 2002).

Asteroid Class Density (g/cm?)
1 Ceres G 2.124+0.04
2 Pallas B 2.71+011
4 Vesta \% 3.44+0.12
10 Hygeia C 276 +12
11 Parthenope S 2.72+0.12
15 Eunomia S 0.96+0.3
16 Psyche M 20+0.6
20 Massalia S 3.26 + 0.6
22 Kalliope M 25+03
45 Eugenia F 1.2+8§

87 Sylvia P 1.62+0.3
90 Antiope C 13

121 Hermione C 196 +0.34
243 Ida S 26+0.5
253 Matthilde C 13+02
433 Eros S 2.67 +0.03
704 Interamnia F 44421
762 Pulcova PC 1.8 +0.8
804 Hispania PC 49+39
1999 KW4 239+09
2000 DP107 C 1. 62’:6;5
2000 UG11 1. 47+9§

Mean C ~1.8, mean S ~2.4,V 3.4.

Water (vol %)

Porosity (vol %)

Fig. 11. Mass balance calculations for a porous body composed of silicates and ice,
constrained by bulk density. The amount of water (as ice or chemically bound
water) is plotted against porosity for asteroids indicating the resultant density,
assuming a grain density of 3.5 g/cm>. Also shown are the average densities for S
and C asteroids and the densities for Eros and Vesta (asteroid densities from Britt
et al. (2002)). This diagram says nothing about the stability of ice, but simply
po ints out that if water is present (as ice or hydrated silicates) it is possible for the
discrepancy between bulk density and grain density to be explained by the pre-
sence of water as well as porosity.

Meteorite compositions: The meteorites most similar to Eros, on
the basis of present spectral interpretations, are the ordinary
chondrites (Bell et al., 2002). These are generally noted for their
dryness, but the vast majority of ordinary chondrites in our col-
lections are also noted for the high levels of metamorphism they
have suffered. However, the least metamorphosed ordinary
chondrites contain water, perhaps 3%, (Wiik, 1969; Jarosewich,
1990). In fact, water content is used as a parameter for assessing
the levels of parent body metamorphism experienced by a given
meteorite (Dodd et al., 1967; Van Schmus and Wood, 1967; Sears
et al.,, 1980). The least metamorphosed ordinary chondrites contain
traces of hydrated minerals and minerals formed in an aqueous
environment that can be observed petrographically (Hutchison
et al., 1987; Grossman et al., 2000). The most successful thermal
models for the interiors of asteroids involve internal heat sources
(such as 2Al) with the least metamorphosed, water-bearing,
meteorites closest to the surface of the asteroid (e.g. Akridge and
Sears, 1998).

Villas (1994) and Merényi et al. (1997) have shown that the
3 pm absorption band is present in many asteroids suggesting the
presence of water, which they assumed to be water of hydration
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Table 3
CI and CM chondrites and their water contents and densities.

Meteorite Class  Water Porosity Bulk density
wt% Ref. Vol% Ref g/m® Ref.

Alais CI 1962 1 2 3
Ivuna Cl 4347 1
Orgueil CI 16.9 2 11.3 3 211+012 3
ALH 81302 CM 1294 2
ALH 83100 CM 1338 2
Benten M 10.7 2
Cold Bokkeveld CM 15.3 1 129 3 231 3
Erakot CM 1926 1
Essebi CM 9.9 1
Haripura M 36 1
Mighei CM 216 1 282 3 194+0.03 3
Murchison CM 10.09 2 171 3 237+0.02 3
Murray M 12.51 1
Nawapali M 16.56 1
Santa Cruz CM 1044 1 303 3 1.79 3
Staroje Boriskino CM 099 1
Yamato 791824 M 12.5 2
Yamato 793321 CM 923 2

1 Wiik (1969)

2 Jarosewich (1990)
3 Britt and Consolmagno (2003).

Table 4
Asteroids with spectroscopic evidence for water on their surface (Villas, 1994).

Asteroid class Number in Percentage indicating Mean albedo of

sample water of hydration hydrated asteroids
A 5 0 -
B 18 33.0 0.049
C 128 47.7 0.051
D 35 0 0.041
E 12 0 -
F 36 16.7 0.042
G 7 85.7 0.077
1 3 0 -
M 31 6.5 0.155
P 36 83 0.036
Q 1 0 -
R 1 0 -
S 201 0.5 0.095
T 6 0 -
\ 1 0 -
X 54 5.6 -

(Table 4). Ceres, a dwarf planet in the outer asteroid belt, appears
to be releasing water vapor, especially near perihelion (A'Hearn
and Feldman, 1992; Kiippers et al., 2014). Rivkin and Emery (2010)
and Campins et al. (2010) have found spectroscopic evidence for
water on asteroid 24 Themis and proposed that water may be
present in the interiors of asteroids closer to the Sun than pre-
viously thought. These data are consistent with theoretical esti-
mates that suggest water could survive in the main belt for the age
of the solar system if sufficiently buried under a regolith layer
(Fanale and Salvail, 1989; Schorghofer, 2008).

The age of the surface of Eros, determined from the crater
density, is ~2 Ga (Chapman et al., 2002). On the other hand, the
typical lifetime for an asteroid in near-Earth orbit is ~50-100 Ma
(Michel et al., 1998), which means that the NEA population must
be continually fed from the main belt or cometary sources. The
mean temperature of the surface of an S asteroid at ~3 AU is 135 K
(making the usual assumptions, e.g. McKeever and Sears, (1980)),
below the temperature needed to retain water (Schorghofer,
2008). The mean temperature at 1 AU is ~234 K, at which tem-
perature water will evaporate at a rate depending on depth and
physical properties of the regolith. During the transfer from 3 AU

to 1 AU the vapor pressure of water increases about seven orders
of magnitude (from ~10~8 mbar to ~0.22 mbar). It is thus pos-
sible that the loss of water occurred after moving closer to the Sun
and it will have occurred preferentially at the sub-solar points
where the Eros ponds are concentrated. Alternatively, water can
subsequently be exposed by small impacts over the history of the
body

Because the surface of Eros is so much younger than Vesta, and
Vesta is a much larger object compared to Eros (~X%), CM-like
deposits of material, and concomitant water concentrations,
should not be expected to be present in the same amounts on Eros
and Vesta. Nevertheless, CM-like material does appear to be
common in the asteroid belt (Gaffey et al., 1993) and xenolithic
meteorite breccias do show a strong preference towards CM-like
projectiles (Wilkening, 1973). So a small component of CM-like
material on Eros might be expected, hidden from the NEAR-
Shoemaker instruments by a regolith coating or the similarity in
composition of CM-like material and Eros surface material; both
are essentially chondritic. The black boulder on Itokawa (Saito
et al., 2006) might be part of a CM-like projectile

Finally, it might be useful to recall that at least one model for
the formation of the dozen or so classes of chondrites involves
density and size sorting of the chondrite components (chondrules,
metal, and matrix) by a fluidization process on the surface of
asteroids (Huang et al., 1996; Akridge and Sears, 1998; Sears,
2005). This hypothesis assumes that asteroids were originally
mostly CI or CM-like, with solar compositions, chondrule-poor (or
free), abundant water with concomitant mineralogy (phyllosili-
cates, amorphous phases, evaporates), but dehydration of the
surface by impact and sorting by fluidization produced S asteroid-
like surfaces and the chondrite classes.

Our experiments suggest that ponded deposits can occur on
virtually all small bodies in the solar system that possess volatiles
and cohesive materials. Regolith is common and thick on all
asteroids imaged to date, but the abundance of volatiles in aster-
oids is, at present, largely unknown, although there is increasing
theoretical and observational evidence that water might be more
stable than previously thought. In addition, we note that the
regolith is subject to complex interactions, such that structure
generated by one process, such as fluidization, can and will be
modified by subsequent processes, including space weathering
and comminution, and possibly electrostatic levitation and seismic
shaking.

3.4. Testing the hypothesis

The properties of the Eros ponds and the simulation experi-
ments are consistent with the ponds being formed by fluidization.
Furthermore, we now consider volatiles important in volcanic or
impact processes on the surfaces of asteroids. An important
question is how do we test the present hypothesis? Do we expect
water to be present in the sediments of the ponds, under our
favored formation model? Even on Earth, where gravity is higher
and water availability is higher, it is difficult to detect water in the
fine-grained sediments of maars. Samples from the famous Ukin-
rek Maars, in Alaska, are generally water-free, reaching 0.14 wt¥% in
only one case out of six (Kienle et al., 1980). Thus it seems doubtful
that water will ever be detected in the fine sediments of the Eros
ponds remotely or with returned samples. What will be needed
are cores that pass through the ponds, reaching bedrock, where
rocks from the source region for the purported volatiles may still
contain traces of water.
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3.5. A comment about comets

Comets are volatile-rich objects that undergo orbit changes
similar to that discussed here in connection with onset of out-
gassing from Eros. It seems reasonable to ask whether there is
evidence for fluidization in the images obtained by spacecraft of
the nuclei of comets. Comet P/Wild 2 was encountered by the
Stardust spacecraft in January 2004 and obtained images showing
large circular “craters” with flat bottoms. Brownlee et al. (2004)
offered several explanations for these, one of which was that they
were the result of fluidization of fine grained materials. The Comet
9 P/Tempel 1 had flow deposits (Thomas et al., 2013) that might
arguably be the result of fluidization processes (Belton and
Melosh, 2009). Laboratory simulation experiments also suggest
that it is gas-dust interactions that cause mobilization of the dust
at cometary nuclei (Sears et al., 1999). Fluidization phenomena
have also been recently reported on the comet 67 P/Churyumov-
Gerasimenko (Thomas et al., 2015).

4. Conclusions

We conclude that while all of the earlier proposed mechanisms for
the formation of the ponds on Eros seem to be able to explain all or
most of their major properties, recent work on the role of volatiles and
fluidization, recent observations on planetary and cometary surfaces,
and the similarity of the features produced in the laboratory to the
Eros ponds, strongly suggests that fluidization associated with
degassing should also be considered as possible explanations. The
vapors to drive this process could be either endogenic water trapped
at the time of accretion or exogenic water from low angle and low
velocity impact of volatile-rich meteorites. Unmetamorphosed ordin-
ary chondrites contain a few weight percent water, sufficient to drive
fluidization on small bodies. Surface features caused by the interaction
of surface materials with gasses produced by various volatile-releasing
mechanisms are common to many planetary surfaces, even though
there are many differences in the details of the interactions and the
details of the final products.
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