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Introduction: During the final weeks (the “End-

game”) of the Gravity Recovery and Interior Laborato-
ry (GRAIL) mission [1], the orbital altitude of the dual 
spacecraft was lowered to an average of 11 km above 
the surface of the Moon. The Endgame mapping strat-
egy [2] was designed to provide the highest-resolution 
coverage over the Orientale basin in order to yield a 
gravity map of a multi-ring impact basin at unprece-
dented resolution. (High-resolution data over other 
areas of the planet were acquired as well.) Here we 
present results of multiple global and local analyses to 
produce gravitational models with 3-5-km spatial reso-
lution, appropriate for investigating the structure and 
evolution of Orientale and its surroundings.  These 
independent solutions increase our confidence in inter-
preting features near the limits of resolution. 

Global Gravity Field Models with Focus on 
Orientale: GRAIL [1], a twin spacecraft lunar gravity 
mission, was launched on September 10, 2012, and 
mapped the Moon at decreasing altitudes in sequential 
orbital phases, until its planned termination on Decem-
ber 17, 2012. Initial analysis of data acquired during 
the Primary Mission (PM) [3] at a mean orbital altitude 
of 55 km led to a global spherical harmonic model 
(GL0420A) of the gravitational field to degree and 
order 420 (spatial block size = 13 km) [4] that repre-
sented an improvement in spatial resolution by a factor 
of 3–4 and in quality by three to more than five orders 
of magnitude over previous models from all earlier 
missions. Subsequent PM spherical harmonic models 
reached degree and order 660 (spatial block size = 8.2 
km) [5, 6]. During GRAIL’s Extended Mission (XM), 
the mapping altitude was lowered by a factor of two to 
23 km. The highest-resolution global gravity fields so 
far achieved from XM data  at the NASA  Goddard 

Space Flight Center and Jet Propulsion Laboratory, 
respectively, are to degree and order 1080 (spatial 
block size = 5 km) [7] and degree and order 1200 (spa-
tial block size = 4.5 km) [8]. In practice these resolu-
tions are achieved only at the lowest mapping altitudes. 
On December 6, 2012, the average altitude of the two 
GRAIL orbiters was lowered by another factor of two, 
to 11 km. This maneuver enabled a very-high-
resolution mapping campaign over the Orientale basin 
(among other regions) during which time the twin 
spacecraft orbited to within 2 km of the surface of the 
basin’s ring mountains. 

Local Solution for Orientale: As an alternative 
approach to achieving very high resolution of Orien-
tale, we  derived a local model [9] based on a short-arc 
analysis [10] of GRAIL’s Ka-band range-rate (KBRR) 
observations by adjusting a priori field GRGM900A 
while embedding neighbor smoothing [11, 12]. The 
local analysis removes high-frequency striping as well 
as extends the resolution of anomalies in Orientale and 
its environs to 3–5 km, suitable for detailed investiga-
tions of basin origin and evolution. 

Comparison with Previous Gravitational Field 
Models: In previous analyses of the structure and 
compensation of Orientale [e.g., 13-16], the resolution 
of gravity was a limiting factor. In addition, it is now 
known that pre-GRAIL models under-sampled the 
Moon’s gravitational power even at wavelengths that 
were then thought to be well resolved [cf. 4, 17].  

Crustal Structure: Combination of GRAIL 
gravity with a 1/256° geodetically referenced topogra-
phy [18] from the Lunar Orbiter Laser Altimeter 
(LOLA) [19] enables study of interior structure at the 
level of basin substructures. Subtracting the gravita-
tional attraction of topography yields the Bouguer 
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gravity anomaly.  Assuming for simplicity that the 
lunar crust and mantle are each of  uniform density, 
Bouguer gravity can be downward continued to map 
the crust-mantle boundary to yield a map of crustal 
thickness. Although the assumption of uniform density 
is an approximation, its application to the regional 
crustal structure is supported by measurements of crus-
tal density from GRAIL [20-22] as well as orbital re-
mote sensing data.  Although it has been suggested that 
the crust may be stratified into a mixed feldspathic 
layer overlying a layer of pure anorthosite [23], the 
density contrast between these rock types is small in 
comparison to the contrast across the crust-mantle in-
terface.  

Crustal thickness was determined using the ap-
proach of Wieczorek et al. [20], for a crustal density of 
2550 kg m-3 and a mantle density of 3220 kg m-3, with 
a notable exception. Because the pre-existing crust was 
largely to entirely removed by the basin-forming im-
pact [24], the crust at the basin center is likely domi-
nated by the solidified impact melt sheet. There is a 
range of viewpoints regarding the extent and composi-
tion of the melt sheet related to the vertical extent of 
melting [25-28]. We assume a 10-km-thick melt sheet 
that spans Orientale’s inner depression and adopt an 
average melt sheet bulk density of 2720 kg m-3 based 
on the average bulk density measured for clast-poor 
lunar impact melt rocks [29]. The resulting structure, 
illustrated in Fig. 1, is characterized by a regional crus-
tal thickness of 34 km and a crustal thickness beneath 
the basin depression of 12 km.  The limiting case of no 
melt sheet would change the crustal thickness beneath 
the basin by less than 3 km. 

The crustal thickness model shows a sharp transi-
tion between the basin excavation cavity and surround-
ing crust, with a 20–25° outward slope of the crust-
mantle boundary surrounding the zone of mantle uplift.  
At smaller scale, azimuthal variations in crustal thick-
ness correlate with Orientale’s rings, and the rings are 
characterized by distinctive gravitational character that 
bear on structure and origin.  These results are being 
used to constraint hydrocode models of Orientale and 
other basins [e.g., 30] and will inform the formation of 
basin-scale impacts and their role in the early evolution 
of lunar and other solid planetary crusts. 
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Fig. 1.  Cross-section of Orientale’s crustal structure 
from GRAIL and LOLA [18]. Brown corresponds to 
crust, green to mantle, and red to impact melt sheet.  
Arrows outward from center on each side correspond 
to locations of Inner Depression, Inner Rook Ring, 
Outer Rook Ring and Cordillera Ring.   
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