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many craters are not resolved by MLA, we also selected
craters with diameters >7 km from MESSENGER images.
Smaller RB deposits were not considered because most
appear from images to lie in small secondary craters, at
the foot of poleward-facing scarps, or in rough terrain
and are inadequately sampled by MLA. The radar-bright
deposits were mapped with a threshold of 0.075 in the
MATLAB image processing toolbox and correlated with
craters identified in MLA topography and MESSENGER
images. Labels assigned in uppercase are consistent with
previous nomenclature (15); lowercase letters and
numerals were assigned to provisional features. Regions
with MLA energy measurements were classified as dark,
normal, or bright/mixed according to their contrast
in brightness with those of surround areas; gaps in
high-threshold returns were also taken to indicate darker
material. Bright regions are surrounding those for which
more than half of the returns have r; > 0.3.

23. Diameters of large craters were fit to the maximum MLA
topographic contours of the rims, whereas the diameters
of smaller craters were estimated from Mercury Dual

Imaging System (34) image mosaics. Locations are
less certain for smaller features inadequately sampled
by MLA. Diameters of craters sampled ranged from 7 to
108 km, not including the 320-km-diameter Goethe
basin. Not included are several degraded and partially
flooded craters, such as a 133-km-diameter degraded
crater that encloses Purcell but for which the relief
does not create an area of permanent shadow.
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Thermal Stability of Volatiles in the
North Polar Region of Mercury
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Thermal models for the north polar region of Mercury, calculated from topographic measurements
made by the MErcury Surface, Space ENvironment, GEochemistry, and Ranging (MESSENGER)
spacecraft, show that the spatial distribution of regions of high radar backscatter is well
matched by the predicted distribution of thermally stable water ice. MESSENGER measurements
of near-infrared surface reflectance indicate bright surfaces in the coldest areas where water
ice is predicted to be stable at the surface, and dark surfaces within and surrounding warmer
areas where water ice is predicted to be stable only in the near subsurface. We propose

that the dark surface layer is a sublimation lag deposit that may be rich in impact-derived

organic material.

maps of anomalously bright, depolarizing

features on Mercury that appear to be lo-
calized in permanently shadowed regions near
the planet’s poles (7, 2). Observations of similar
radar signatures over a range of radar wavelengths
imply that the radar-bright features correspond
to deposits that are highly transparent at radar
wavelengths and extend to depths of several me-
ters below the surface (3). Cold-trapped water ice
has been proposed as the most likely material to
be responsible for these features (2, 4, 5), but other
volatile species that are abundant on Mercury,
such as sulfur, have also been suggested (6).

Earth—based radar observations have yielded
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Measurements of surface reflectance at a
wavelength of 1064 nm, made with the Mercury
Laser Altimeter (MLA) onboard the MESSEN-
GER (MErcury Surface, Space ENvironment,
GEochemistry, and Ranging) spacecraft, have
revealed the presence of surface material that
collocates approximately with radar-bright areas
within north polar craters and that has approxi-
mately half the average reflectance of the planet,
as well as bright material within Kandinsky and
Prokofiev craters that has approximately twice
the average planetary reflectance (7). MLA mea-
surements have also provided detailed maps of
the topography of Mercury’s north polar region
(8). Here, we apply this information in conjunc-
tion with a ray-tracing thermal model, previously
used to predict temperatures in the polar regions
of Earth’s Moon (9), to calculate the thermal sta-
bility of volatile species in the north polar region
of Mercury.

Maximum and average modeled temperatures
(10) over one complete 2-year illumination cycle
for the north polar region of Mercury are shown
in Fig. 1, A and B. The topography model north
of 84°N latitude has been extrapolated from only
a few off-nadir data tracks, so model tempera-
tures within this circle should be taken only as

estimates. On Mercury, biannual average temper-
atures can be interpreted as close approximations
to the nearly constant subsurface temperatures
that exist below the penetration depths of the
diurnal temperature wave [about 0.3 to 0.5 m for
ice-free regolith, and several meters for ice-rich
areas (3, 9)]. The latitudinal and longitudinal sym-
metries in surface and near-surface temperatures
result from Mercury’s near-zero obliquity, eccen-
tric orbit, and 3:2 spin-orbit resonance (17, 12).
Comparison between the areal coverage of
model-calculated biannual maximum and aver-
age temperatures and the thermal stability of a
range of candidate volatile species (Fig. 2) pro-
vides strong evidence that Mercury’s anomalous
radar features are due dominantly to the presence
of thermally stable water ice, rather than some
other candidate frozen volatile species. Within the
region sampled, the vast majority of locations
within which biannual average temperatures are
less than ~100 K are radar-bright, whereas for
areas with biannual average temperatures of greater
than 100 K there are almost no radar-bright de-
posits (Fig. 2C). This distribution suggests that
the radar-bright features are due to the presence
of a volatile species that is not thermally stable at
temperatures higher than ~100 K. Because of the
exponential dependence of vacuum sublimation
loss rates with temperature, the thermal stabilities
of the candidate volatile species shown in Fig. 2A
over time scales of millions to billions of years are
well separated in temperature. As shown in Fig. 2A
and fig. S8, 1 mm of exposed water ice—or 1 mm
of water ice buried beneath a 10-cm-thick lag
deposit—would sublimate to a vacuum in 1 billion
years at temperatures of 100 to 115 K, which we
interpret as strong evidence that Mercury’s anom-
alous radar features are due dominantly to the
presence of thermally stable water ice. If the radar-
bright deposits were composed primarily of a
material with a higher or lower volatility than
water ice, we would expect them to be thermally
stable in areas with lower or higher annual aver-
age temperatures than we observe. As illustrated
in Fig. 2, B and C, the fractional areal coverage of
radar-bright regions that are also just sufficiently
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cold to trap subsurface water is nearly unity,
whereas for elemental sulfur, the fractional area
is less than 1 in 500. Although the temperatures
of Mercury’s radar-bright regions are not a good
match to thermal stability temperatures of sul-
fur, the existence of cold traps at lower latitudes
dominated by sulfur and other less volatile cold-
trapped species cannot be excluded, nor can the
possibility that Mercury’s water-ice cold traps
themselves also contain minor quantities of less
volatile cold-trapped species.

The calculated depths at which near-surface
water ice would be lost to sublimation at a rate of
less than 1 mm per billion years, under the as-
sumption that the ice deposits are covered by
material that has the same thermophysical prop-
erties as average surface material on Mercury
(5, 10), are shown in Fig. 1C. The thermal model
results predict that most of Mercury’s water ice
deposits equatorward of 83°N would be ther-

Biannual Maximum Temperature (K)
150 200 250 300 350 400 450 500 550

100

Fig. 1. Maps of calculated surface and subsurface temperatures and water
ice stability in the north polar region of Mercury, superposed on a shaded-
relief map of MESSENGER topography. (A) Biannual maximum surface tem-
peratures. (B) Biannual average temperatures at 2 cm depth. (€) Calculated
depths below which water ice would be lost to sublimation at a rate of less
than 1 kg m~2 per billion years. White regions indicate locations where water
ice can be cold-trapped at the surface; colored regions show the minimum
depths at which thermally stable water ice can be buried below the surface;
and gray regions indicate locations where subsurface temperatures are too

warm to permit the cold-trapping of water ice.

www.sciencemag.org SCIENCE VOL 339

mally stable only if buried beneath a ~10-cm-
thick layer of low-conductivity, ice-free, soil-like
material—a result consistent with interpretations
of available radar data (3). At higher latitudes, the
thermal model results predict that temperatures in
larger impact craters are sufficiently cold to permit
the stability of surface ice deposits. The obser-
vation of anomalously high MLA surface reflec-
tance values in Kandinsky and Prokofiev craters
(7) is consistent with the interpretation that the
polar deposits in those craters contain water ice
exposed at the surface.

Comparisons of the areal coverage of model-
calculated biannual maximum and average tem-
peratures for MLA-dark areas to all areas measured
by MLA in the circumpolar region 75° to 83°N
are shown in Fig. 2, D and E. The MLA-dark
regions display a wider range of temperatures and
are spatially more extensive than the radar-bright
regions, even after accounting for Earth visibility.

100

REPORTS

Area ratios for biannual maximum temperatures
in MLA-dark regions peak near 0.8 at ~160 K
and decrease rapidly at progressively lower tem-
peratures. We interpret this trend as indicating
an increasing tendency for the thermal stability
of bright surface water ice deposits as biannual
maximum temperatures approach 100 K, which
we document in an unusually cold impact crater
at 82.0°N, 215°E (fig. S3).

In total, the results of the thermal model cal-
culations combined with radar and MLA reflec-
tance measurements present a quantitatively
consistent case that Mercury’s polar deposits are
composed dominantly of water ice. This conclu-
sion is independently reinforced by measurements
of the flux of fast and epithermal neutrons made
with MESSENGER’s Neutron Spectrometer (/3).
In the region studied, radar-bright deposits are
observed to be in essentially every surface and
subsurface location where water ice is thermally

Biannual Average Temperature (K)

150 200 250 300
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stable, despite the activity of such ice destruction
processes as Lyman a photodissociation (/4) and
burial by meteoroid gardening (/5). Calculated
temperatures in the coldest locations on Mercury
are sufficiently low that water molecules in these
cold traps have very little diffusive mobility (16).
The fact that bright surface ice deposits are ob-
served in these locations requires a geologically
recent or ongoing supply of water. In regions of
currently stable ground ice, temperatures are suf-
ficiently warm to allow for diffusive vertical and
lateral mobility of water (/7), which has enabled
water to actively migrate to sites of present ther-
mal stability.

The thermal model results provide insights
into the nature and origin of MLA-dark surface
deposits. Figure 2D shows that equatorward of
84°N dark material is found almost universally in
regions with biannual average temperatures of
100 K and biannual maximum temperatures of
160 K, but dark material is entirely absent in
regions with biannual average temperatures great-
er than 210 K and biannual maximum temperatures
greater than 300 K. This systematic temperature
dependence would not be apparent if the dark
material were being redistributed about this re-
gion by impact processes alone. The distribution
of dark material must be controlled by the pres-
ence of volatile substances that are not thermally
stable above these temperatures. Given the clear
association between the dark material and water
ice that exists on Mercury today, we suggest that
one of these volatile substances is water. As shown
in Fig. 2A and fig. S7, the temperature at which
a water ice deposit can be considered thermally
stable depends on the time scale under consid-
eration. At a temperature of 102 K, for instance,
a meter-thick layer of pure water ice would sub-
limate to space in 1 billion years, whereas at a
temperature of 210 K, a meter-thick layer of pure
water ice would sublimate in 35 days.

We suggest that the MLA-dark deposits are
largely sublimation lags formed on the surfaces
of metastable water ice—that is, that Mercury’s
polar deposits were more extensive at some point
in the past, and then retreated rapidly to their
present long-term thermally stable state. Because
Mercury’s low obliquity [2.04 + 0.08 arc min
(18)] is likely to have persisted since its capture
into a Cassini state >3.5 billion years ago (79),
thermal conditions at Mercury’s poles have been
relatively stable. The formation of the MLA-dark
deposits by sublimation lag requires episodic, but
temporally coincident, sources of both water and
nonwater contaminants. Because metastable ice
deposits must accumulate on time scales that are
shorter than those at which they sublimate, the
formation of the MLA-dark deposits by sublima-
tion lag is compatible with episodic deposition of
water and other volatiles by asteroids and comets.

The composition of the MLA-dark deposits is
not known. However, materials with similarly low
albedos are routinely observed on the surfaces of
comets (20, 21), asteroids (22—24), and outer so-
lar system objects (25, 26) and are generally

attributed to the presence of macromolecular
carbonaceous material, rather than to the effects
of radiation damage of pure ice (22, 24-26). As
shown in Fig. 2, the thermal stability tempera-
tures of a selection of simple organic compounds
are such that if they were present in the Mercury
polar environment, they would be readily incor-
porated into accumulating water ice deposits and
cold-trapped directly onto surrounding warmer
regions. The processing of simple organic mate-
rial into dark macromolecular carbonaceous ma-
terial is facilitated by high-energy photons and
particles (10, 27-31), which are abundant in
Mercury’s polar environment because of the con-
figuration of magnetic field lines and the pattern
of ion precipitation at Mercury’s high latitudes
(10, 32, 33). Under this scenario, asteroidal and
cometary impacts episodically release water and
simple organic compounds into the Mercury en-

vironment, where they migrate to the polar re-
gions, become cold-trapped, and accumulate.
The mixture of water ice and organic material
sublimates and is reprocessed to form a dark
sublimation lag deposit that is analogous to that
observed on the surfaces of comet nuclei today.
The radar absorption properties of low-density
macromolecular carbonaceous material have been
measured and are found to be less lossy than low-
density soil (34). Therefore, the presence of a
layer of organic-rich material overlying ground
ice deposits, or the presence of minor concen-
trations of organic-rich material within ice de-
posits, is not inconsistent with available radar
observations. The possibility for synthesis of or-
ganic compounds in the permanently shadowed
regions of Earth’s Moon has been suggested (35),
and the spectroscopic detection of simple organic
compounds during the impact of the Lunar Crater
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Fig. 2. Histograms of calculated biannual maximum (7;,,,,) and biannual average (T,,4) temperatures for
radar-bright and MLA-dark areas in the north polar region of Mercury compared with the stability
temperatures of a range of candidate volatile species. (A) Vacuum sublimation loss times for 1-mm-thick
pure layers of selected cold-trapped volatile species as a function of temperature (37, 38). (B and C)
Temperature histograms and areal coverage for radar-bright areas within Earth-visible areas at the times
of the radar measurements in the region 75° to 83°N, 30° to 90°E (39). (D and E) Temperature his-
tograms and areal coverage for MLA-dark areas for the region 75° to 83°N.
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Observation and Sensing Satellite (36) provides
further evidence that organic material and organic
precursors coexist within the polar cold traps of
solar system airless bodies.

Forming Mercury’s ground ice deposits via
the sublimation of a mixture of water ice and
organic contaminants solves a long-standing prob-
lem regarding their origin. Today, thick deposits
of ground ice are found near 75°N in areas with
biannual maximum surface temperatures in ex-
cess of 150 K. At these temperatures, pure ex-
posed water ice deposited by a cometary impact
would sublimate at a rate of 1 m per 1000 years.
The ice deposit would disappear on time scales of
tens of thousands of years if not thermally pro-
tected by a ~10-cm-thick layer of overlying ice-
free material, but this geometry is problematic
because the time scales for burial to these depths
by impact-gardened soil from adjacent regions is
estimated to be on the order of tens of millions of
years (3, 15). If Mercury’s ground ice deposits
contain sufficient less-volatile cold-trapped con-
taminants to create a surface lag deposit as they
sublimate, then it would not be necessary to in-
voke a recent cometary impact to explain their
present vertical and horizontal distribution. The
fact that all of Mercury’s surface and subsurface
water ice deposits appear to be in a thermally
stable configuration means that the sources of
water and the mobility of water in Mercury’s
environment are sufficiently robust to overcome
the combined effects of all other processes that
would tend to destroy and disrupt them.
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An Efficient Polymer Molecular
Sieve for Membrane Gas Separations
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Microporous polymers of extreme rigidity are required for gas-separation membranes that combine
high permeability with selectivity. We report a shape-persistent ladder polymer consisting of
benzene rings fused together by inflexible bridged bicyclic units. The polymer’s contorted shape
ensures both microporosity—with an internal surface area greater than 1000 square meters

per gram—and solubility so that it is readily cast from solution into robust films. These films
demonstrate exceptional performance as molecular sieves with high gas permeabilities and good
selectivities for smaller gas molecules, such as hydrogen and oxygen, over larger molecules,

such as nitrogen and methane. Hence, this polymer has excellent potential for making membranes
suitable for large-scale gas separations of commercial and environmental relevance.

ommercially important membrane-based
gas separations include O, and N, en-
richment of air, hydrogen recovery from
ammonia production or hydrocarbon process-
ing, and the upgrading of natural gas (/). They
also have potential for both post-combustion and
pre-combustion CO, capture during electricity
generation from fossil fuels (2, 3). Polymer mem-

www.sciencemag.org SCIENCE VOL 339

branes provide an energy-efficient method for
gas separations because they do not require ther-
mal regeneration, a phase change, or active moving
parts in their operation and as such are predicted
to play a growing role in an energy-constrained
and low-carbon future (4). However, polymers
suffer from a well-defined trade-off between the
desirable properties of permeability and selec-

tivity for the required gas component. Presently,
most commercial gas-separation membranes are
based on a few polymers with low permeability
and high selectivity; therefore, large membrane
areas are required to compensate for lack of per-
meance, which increases costs and space require-
ments for large-scale applications. Unfortunately,
highly permeable microporous polymers demon-
strate insufficient selectivity for practical appli-
cations because, unlike classical molecular sieves
such as zeolites, they possess ill-defined voids
that because of chain flexibility fluctuate in size
and so have limited size-selectivity (5). However,
microporous polymers have the great advantage
over classical inorganic molecular sieve mate-
rials of being easily processed into membranes
(such as thin coatings or hollow fibers). There-
fore, it is an important challenge to develop mi-
croporous polymers that behave as efficient
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