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Introduction: The low obliquity of Mercury and the
Moon causes the topography near their poles to cast persis-
tent shadows. In the past, it was shown these permanently
shadowed regions (PSRs) may trap volatiles, such as water
ice, for geologic time periods [1, 13, 18]. On Mercury, ev-
idence for the presence of water ice was remotely sensed in
RADAR [7], reflectance [10] and visible imagery [4]. More
recently, evidence for the presence of ice inside small craters
(∼ 1 km) and micro cold-traps (1 − 10 m) was found us-
ing data obtained by the Mercury Laser Altimeter (MLA) [5,
15]. In contrast, lunar cold-traps were not observed to con-
tain significant ice quantities. While evidence for a thin, pos-
sibly micrometer-thick layer of ice was found in several lunar
craters such as Shackelton [19], Earth-based RADAR obser-
vations did not detect areas > 1 km2 with high backscat-
tering [17], indicating that any existing ice must be thinner
than a few decimeters or is in the form of distributed grains
[3]. Here we constrain the ice thickness delivery rate using
a statistical approach; we measure the depths of small craters
(diameters 3 − 15 km) on both bodies, and compare it to the
depths these craters would have had if they were filled with
ice. If the cold-trap volatile outflux is greater than the volatile
influx, the craters depth should remain constant with latitude,
as no ice accumulates inside them. If the influx is greater than
the outflux, with time ice should accumulate inside craters,
making them shallower.

Methods: First, we measure the crater depth to diameter
(d/D) ratios on Mercury and the Moon. We begin by visually
identifying small (3− 15 km), simple craters on the Mercury
Dual Imaging System (MDIS) and the Lunar Reconnaissance
Orbiter Camera (LROC) global basemaps. Then, we manu-
ally measure the crater elevation along a south-north profile
on the gridded MLA polar map (resolution of 250 m/px) and
gridded Lunar Orbiter Laser Altimeter (LOLA, resolution of
100 m/px), as shown in Figure 1. On Mercury we measured
craters between latitudes 75◦ − 86◦, where the most reliable
MLA data is found. On the Moon, we measured craters in
latitudes 78◦ − 87◦, and plan to extend this range to include
both lower and higher latitudes. Overall, we measured 1003
craters on Mercury and 990 craters on the Moon. Next, we
model the distribution these crater would have had if they
were filled with ice up to the altitude of the PSR, and compare
them with the measured distribution.

Crater Detection: After measuring the crater south-north
topographic profile, we measured the crater dimensions using
an algorithm we developed. First, we smooth the crater using
a Gaussian filter. Then, we locate the crater rims by finding
the maximum points in the left and right halves of the pro-
file. The crater diameter is defined as the distance between
the rims, its center is defined as the midpoint between the
two rims, and its depth as the distance between the rims mean
height and the height of the crater center. To verify the algo-
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Figure 1: An example showing our method of measurement
for one of the craters on Mercury. The blue line drawn on top
of the crater in the top panel marks the the elevation profile
shown in blue in the lower panel. The red line shows the
crater that was identified using our detection algorithm.

rithm, we manually reviewed each crater in the database and
corrected for computational errors.

Modeling the PSR Depth: Simple craters with diameters
< 15 km can be approximated by hemispherical cavities [2,
8, 14]. As the Sun moves during the solar day the it illumi-
nates different parts of the crater, causing it to cast transient
shadows in different directions. Using trivial geometry, we
calculate the depth of this transient shadow ds cast at inci-
dence angle θi,

ds
d

= β + sin θi

(
1 − β − cot θi

2∆

)
(1)

where d is the crater depth and β = (1 + 4∆2)/8∆2, and
where ∆ is the crater d/D ratio (Figure 3). The depth of
the permanent shadow is limited by the noontime transient
shadow, which is the shallowest shadow cast during the solar
day. For example, at latitude 80◦, a crater with d/D ∆ = 0.1
would cast a permanent shadow occupying 40% of its maxi-
mal depth. The depth of the PSR constrains the depth of ice
accumulated inside the crater. Therefore, if we subtract the
modeled PSR depth from the measured d/D in lower latitudes
(where only a small amount of ice is expected to persist [12,
13, 16]) we should receive the d/D distribution of craters as if
they were filled with ice up to the PSR limit. This assumes the
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Figure 2: The d/D distributions of crater on Mercury (top)
and the Moon (bottom), sampled at bins of width ∆ = 0.02.
The bars show the measured values and the black line shows
the modeled PSR depth value.

d/D in both does not significantly change with latitude due to
some other inherent geologic property.

Results: Figure 2 shows the d/D distribution for Mercury
(bars, top panel) and the Moon (bars, bottom panel). The
d/D ratio of craters on Mercury decreases with increasing
latitude as shallower (< 0.1) craters replace deeper craters
(> 0.1). The mean d/D decreases from 0.106 ± 0.036 in lati-
tudes 75◦ − 78◦ to 0.086 ± 0.034 in latitudes 83◦ − 86◦. On
the Moon, however, craters’ depth remains relatively constant
with latitude; the mean d/D decreases from 0.117 ± 0.038 in
latitudes 78◦ − 81◦ to 0.114 ± 0.033 in latitudes 84◦ − 87◦.
The values above are provided along with the standard de-
viation. Next, we compare the distribution of the measured
craters d/D in high latitude to the modeled distribution of the
filled craters. As explained above, the modeled distribution is
created using the latitude probability density function (PDF)
of the high latitude craters considering the PDF of the d/D
of low latitude craters, where only a small amount of ice can
accumulate. The modeled filled craters d/D distribution is
shown as the black dashed line in Figure 2. We find that on
Mercury, cold-traps in small craters in high latitudes are filled
to roughly half of their ice capacity. This can be seen both
by comparing the shape of the distribution in Figure 2 (top)
and by calculating the mean d/D of the modeled distribution:

Figure 3: A sketch showing our PSR depth calculation. R
is the radius of the circle defining the crater (bold line), d is
the crater depth and ds is the depth of the transient shadow at
incidence angle θi.

0.059 ± 0.029; ∼ 30% lower than the measured value shown
above.

Discussion: Above we have shown the depth of small
craters decreases with latitude on Mercury but not on the
Moon. If this decrease is due to ice accumulation inside
craters, this is another piece of evidence for the outstand-
ing difference in ice quantities between the two bodies. On
Mercury, craters become ∼ 20% shallower from latitudes
75◦ − 78◦ to 83◦ − 86◦. The mean crater depth in latitudes
75◦ − 78◦ is ∼ 400 m, which implies the infill is of order
∼ 10 − 100 m and a net delivery rate of ∼ 10 m Ga−1,
in accord with previous theoretical [9, 11] and observational
[6] estimates. Additionally, the difference between the mean
measured and modeled filled crater distributions indicates the
historic mean volatile accumulation rate is greater - but prob-
ably of the same order - as the erosion rate.
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