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Introduction: The Gravity Recovery and Interior 

Laboratory (GRAIL) mission [1], NASA’s eleventh 
Discovery mission, has provided a extraordinary new 
dataset for understanding the Moon. Here we focus on 
the lunar polar regions, where the quantity of water ice 
present is a topic of considerable interest. The GRAIL 
gravity field models [2, 3] show the signature of nearly 
all craters greater than ~15 km in diameter. GRAIL’s 
spatial scale that is comparable to that of neutron flux 
measurements by the Lunar Exploration Neutron De-
tector (LEND) instrument [4,5] on the Lunar Recon-
naissance Orbiter (LRO) spacecraft presently operating 
in lunar orbit and smaller than the resolution of the 
neutron results from Lunar Prospector [6].  In addition, 
topography and slopes from the Lunar Orbiter Laser 
Altimeter (LOLA) instrument [7] and temperatures 
from the Diviner radiometer instrument [8] on LRO 
are also available for the polar regions. 

Objective: Gravity models derived from the 
GRAIL twin spacecraft inter-satellite tracking data 
have provided unprecedented definition of the Moon’s 
gravity field. Surface resolutions at the 10-km level 
and with accuracies a factor of 106 greater than previ-
ously available have been derived [2], particularly for 
the polar regions where the groundtrack converge is 
densest for the lunar orbiting spacecraft. 

In this investigation we compare the patterns over 
the south pole of free-air gravity anomalies, crustal 
thickness, Bouguer anomalies, topography and surface 
slopes, crustal density, regions of permanent shadow, 
and surface temperatures with the neutron spectrome-
ter results from the LEND instrument on LRO [5] and 
the LP results [6]. Low neutron counts are interpreted 
as an indication of the presence of hydrogen and hence 
indicate the possibility of water ice (Fig 1). 

During lunar mapping, GRAIL’s velocity residuals 
were typically of order a few hundredths of a micron 
per second [3]. With this demonstrated measurement 
performance and at the low mapping altitudes, GRAIL 
has the sensitivity to detect a density contrast of less 
than 100 kg m-3 in the Moon’s upper crust over the 
footprint of the LEND instrument and a contrast of 
order 10 kg m-3 on a regional scale [9]. 

Analysis: A crater of special interest is Shackleton 
[10], whose rim is situated on the lunar south pole.  
Shackleton has a well-preserved morphology [11] and 
with a diameter of 21 km it is at the transition between 
simple and complex craters [10]. In the GRAIL gravity 
field, Shackleton shows up as an ~-100 mGal free-air 
gravity anomaly.  Most, but not all, of this signal can 
be attributed to the topography of the crater if the up-
per crustal density is approximately constant over the 
region. Similarly, for three larger polar craters, Ha-
worth, Shoemaker, and Faustini, nearly all of the free-
air gravity anomaly, of order 500 mGal for each, is 
explainable by topography. However, even after 
removing the effect of the topography, a regional 
variation in Bouguer gravity of a few hundred mGals 
persists. Such a variation indicates corresponding 
variations in density, porosity, composition, crustal 
thickness, or other causes. These four craters are all 
permanently shadowed, but only Shoemaker, and 
possibly Faustini, appears to show a resolvable 
suppression of the neutron flux [5]. 

Variations in crustal density perturb the GRAIL 
spacecraft.  A surface block 10 km × 10 km × 1 km 
with a density contrast of 100 kg m-3, equivalent to 
10% ice by volume, would perturb the acceleration of 
the GRAIL spacecraft at 23 km altitude, the average 
altitude during the Extended Mission, by 0.6 µm s-2 
over a period of 30 s, equivalent to 0.6 mGal at the 
spacecraft altitude, which is approximately 50 times 
greater than the observed acceleration performance on 
orbit.  Sensitivity does not imply detection, but porosi-
ties of up to 12% are indicated [9,11] because of the 
lower than expected densities of the lunar crust, sug-
gesting that a few % of water ice could be present in 
the upper crust. 

Summary: Free-air gravity anomalies over the south 
pole correlate with craters and can be largely explained 
by the local topography, but the Bouguer anomalies 
indicate substantial variation on a regional scale. Spa-
tial density variations are a likely contributor and 
variations can be used to bound the porocity-water ice 
content. The presence of water ice within pore spaces, 
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would influence the local bulk density of the crustal 
material. 
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Fig 1. Coverage of gravity, neutron flux, and topogra-
phy, from 80°S to the south pole. Top: GRAIL free-air 
gravity [3]. Center: LEND neutron counts showing 
areas of permanent shadow outlined in white [5]. Bot-
tom: LOLA topography.  Longitude 0° is at top; 90°E 
is at right. 
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