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Introduction: Recent studies investigating the
shallowing of polar craters with latitude suggest that
tens of meters of ice-rich regolith may be present in the
lunar subsurface [1, 2]. On Mars, the presence of
ground ice is correlated with smooth surface textures,
and subdued topography has helped provide insight into
the distribution of martian ice [3–5]. Characterizing the
surface texture of the lunar poles could similarly reveal
important information on the distribution of sequestered
ice, and is also important for characterizing surface
traversability in preparation for ground operations.
Here we characterize surface texture by measuring
the surface ruggedness within 12 polar craters (six at
each pole). The investigated craters have large, flat
floors that are divided into ices stability zones (ISZs,
defined by Tmax ≤ 112 K [6]) and non-ISZs (Tmax > 112
K). We analyze the relationship between surface
ruggedness and surface temperature and discuss the
possibility that polar ice is softening lunar topography
within ISZs.
Methods: For each crater, we analyze the surface
thermal environment using the average (Tavg) and
maximum (Tmax) surface temperatures measured with
Diviner for north and south polar summer, representing
the warmest local seasons [7]. We derive surface
ruggedness within each crater where slopes are <10°
from 20-, 40-, and 120-mpp DEMs using two quantities:

Terrain Ruggedness Index (TRI). A TRI represents
the mean difference in elevation between a cell (i.e., a
DEM pixel) and all directly adjacent cells [8]. A TRI is
expressed as a distance measurement in meters.
Vector Ruggedness Measure (VRM). A VRM
expresses ruggedness as the dispersion of vectors
orthogonal to planar facets on a surface [9]. Slope and
aspect are decomposed into 3-dimensional vector
components as the resultant vector magnitude is
calculated within a moving window (here, of 3×3 cells).
VRM is a unitless measurement, ranging from 0 (no
terrain variation) to 1 (complete terrain variation).
Results: The TRI and VRM reveal a bimodal
distribution with respect to maximum surface
temperature (Fig. 1) for each of the 12 analyzed craters.
Both modes represent a clustering of locations where
TRI and VRM are lower, indicating smoother surface
textures. Mode 1 occurs at lower surface temperatures,
where Tmax is ≤ 112 K, coinciding with the temperature
used to define ISZs. The location of Mode 2 is much
more variable, reflective of each crater’s individual
thermal environment, and is generally centered at Tmax
between 170 and 235 K.
The location of Mode 1 is generally centered around
Tmax of ~95 K. Of the 12 craters analyzed, the only
anomaly to this observation is Amundsen (Fig. 1c, d),
whose first mode is centered around Tmax of ~65 K.

Fig. 1. Binned scatter plots display the relationships between texture indices and maximum surface temperature
for (a, b) Lovelace and (c, d) Amundsen craters. The counts are plotted on a log scale. Modes 1 and 2 are labeled
as M1 and M2 and the dashed vertical line in each subplot occurs at Tmax = 112 K. The TRIs and VRMs were
derived from DEMs with pixel resolutions of 20 m.
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The individual modes are much more distinctive in
Tmax space than they are in Tavg space and often not
resolvable in Tavg space, suggesting that Tmax is the
dominant temperature control on the location of smooth
textures in polar ISZs.
Two-sample Kolmogorov-Smirnov tests indicate
that the TRIs within ISZs and outside ISZs are not from
the same continuous distribution (α = 0.05). The mean
and median TRIs are usually, but not always, lower
within ISZs than they are outside ISZs. The difference
in mean or median TRIs inside and outside of ISZs is
typically only ~1 meter, indicating that there is not a
substantial difference in ruggedness derived from 20mpp DEMs using a moving window size of 3 cells.
Discussion: The distinct spatial correlation between
ISZs and a clustering of smooth surface textures (Mode
1) as indicated by both TRIs and VRMs (Fig. 1) may be
consistent with the presence of ice subduing surface
topography.
Surface ice. There are various optical remote
sensing data that suggest that thin frosts or diffuse ice
mixed with the regolith may be present at the surface
[e.g., 10–12] and previous work suggested that the
presence of surface volatiles at the lunar poles is
subduing surface roughness over ~50-m scales [13].
Specifically, Moon et al. found that “brightness
roughness” derived from LROC optical images is lower
in regions where surface ice is stable than it is in regions
where either subsurface ice is stable or where no ice is
stable [13].
Our study population includes both craters that do
(N=7; e.g., Fig. 1a, b) and do not (N=5; e.g., Fig. 1c, d)
host ice exposures derived from Moon Mineralogy
Mapper (M3) data [12]. Both populations show the same
correlation between ISZs and smooth surface textures,
suggesting that the surface ice detected using M3 data is
not the cause of the observed subdued topography in
these regions. If surface ice is present in all of the
investigated craters (N=12), then perhaps it was not
resolved in the M3 data, although Li et al. found there
was no bias in the acquisition of M3 data for these
craters that lack detections of surface water ice [12].
Subsurface ice. In addition to surface frost, the lunar
poles likely host subsurface ice, as inferred from
neutron spectrometer data, the LCROSS experiment,
and radiometer measurements [e.g., 13–18]. As
mentioned earlier, measurements of polar crater
morphometry indicate a shallowing of craters with
latitude, suggestive of subsurface ice deposits up to ~50
m thick [1, 2], and large volumes of subsurface ice are
consistent with recent Monte Carlo modeling of ice
deposition [19].
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On Mars, the presence of subsurface ice has been
correlated with smooth surface textures on the scales of
~10–100 m [5] and ~0.5–10 km [3, 4]. We suggest
subsurface ice may also be responsible for the spatial
correlation between low ruggedness indices and ISZs
found here. Ongoing work includes analyzing neutron
spectrometer data to place constraints on the abundance
and burial depth of ice that could potentially be
subduing overlying topography.
Conclusions: The distinct correlation between
Mode 1 and Tmax ≤ 112 K is consistent with the presence
of volatiles softening lunar polar topography, although
the vertical magnitude of softening implied by the TRIs
is only a few meters. This finding is consistent with
previous observations that suggest ice does not exist at
the lunar surface as thick, pervasive sheets [e.g., 10–12,
20, 21]. The subtle topographic softening observed
within ISZs is more consistent with (a) subsurface ices,
(b) thin, frosty veneers that drape but do not obscure the
underlying regolith topography, or (c) some
combination of these. Future exploration of polar
craters, especially applying ground-based remote
sensing or drilling [e.g., 22], is essential in resolving the
presence, form, and abundance of surface and/or
subsurface volatiles that may be altering the surface
topography.
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