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Introduction:  Early telescopic observations of lu-

nar basins noted the presence of multiple concentric 
scarps encircling the central depressions, and inferred 
the presence of faults and dikes associated with these 
scarps [1].  The presence of ring faults has been sup-
ported by subsequent analyses of topography [2] and 
gravity [3] data. However, much remains unknown 
about basin rings, including the properties of the faults, 
the role of magmatic intrusions in basin structure, the 
variability in ring structure around a single basin, and 
the differences between basins of different sizes and 
locations. High-resolution gravity data from NASA’s 
Gravity Recovery and Interior Laboratory (GRAIL) 
mission [4] now provides the most direct constraint on 
the structure of the rings at depth.  

Initial analyses of the Orientale basin using GRAIL 
gravity data revealed undulations along the crust-
mantle interface interpreted as arising due to ring faults 
[5].  However, crustal thickness models are limited by 
the amplification of small-scale gravity anomalies aris-
ing at shallow depths, when propagated down to the 
depth of the crust-mantle interface.  GRAIL gravity 
data reveal substantial variability at high degrees, aris-
ing from random small-scale variations in density [6].  
These pervasive anomalies limit global crustal thick-
ness models to degrees less than ~80 [7], correspond-
ing to a wavelength comparable to the spacing between 
the Outer Rook and Cordillera rings of Orientale.  Here 
we employ new methodologies to extend crustal thick-
ness models to higher resolutions.  We also use gravity 
gradients to investigate the shallow structure of the 
basin rings. The results reveal important similarities 
and differences in the the structure of ring faults and 
ring dikes around a number of lunar basins. 

Methods. Gravity gradients. In order to highlight 
small-scale structures at shallow depths, we use the 
gravity gradients, calculated as the second derivatives 
of the high-pass filtered Bouguer gravity [8]. Negative 
gravity gradients indicate mass excesses as can arise 
from a dike intruded into the ring fault.  Paired positive 
and negative gravity gradients indicate an offset densi-
ty interface. We invert the gravity gradients for the 
properties of the ring dikes and ring faults [9]. 

Crustal thickness models.  At high degrees, filter-
ing is required to smooth out the small-scale random 
anomalies. Pre-GRAIL analyses used full azimuthal 
averages of the basin to enable higher radial resolution, 
but could not resolve azimuthal variations [10]. Here 
we use a novel approach using a degree- and order- 
dependent filter to smooth the data more in the azi-

muthal direction than in the radial dimension to obtain 
high radial resolution, while preserving azimuthal vari-
ability in the basin structure [9]. This approach allows 
a 50% improvement in the model radial resolution. 

Results: For Orientale, the gravity gradients show a 
continuous negative anomaly encircling the basin at 
the location of the Outer Rook [9].  This signature in-
dicates the presence of a dense dike intruded into the 
fault, consistent with observations of discontinuous 
maria and pyroclastic deposits [11].  Inversions of the 
gravity gradient profiles yield a vertical ring dike with 
a width of 1.4 km (1.0-2.1 km, 1-σ range), extending 
between a top depth of 3.8 km (1.9-6.9 km) and the 
assumed bottom depth at the base of the crust of 50 km 
[9].  An asymmetric anomaly in the NW quadrant indi-
cates an inward-dipping dike.  The dike dimensions 
lead to a total intrusive volume of 2.4×105 km3, which 
is ~20× greater than the estimated volume of Mare 
Orientale and 84× greater than the volume of the mare 
ponded within the rings [11]. In contrast, the Cordillera 
shows a symmetric pair of positive and negative gravi-
ty gradients, consistent with a fault offset across a low 
density ejecta blanket or megaregolith layer.   

The crustal thickness models show discrete inflec-
tions along the crust-mantle interface at both the Outer 
Rook and Cordillera rings, indicating that ring faults 
propagate through the entirety of the crust and into the 
mantle.  Fault dips range from as low as 13-22° for the 
Cordillera fault in the northeastern quadrant, to 90° for 
the Outer Rook in the northwestern quadrant. The low-
est dips are uncertain due to some ambiguity in identi-
fying the expressions of the faults at depth.  The fault 
dips for both the Outer Rook and Cordillera are lowest 
in the northeast, possibly due to the effects of the di-
rection of projectile motion or regional gradients in 
pre-impact crustal thickness.   

The Smythii basin is one of the most prominent 
multi-ring basins whose outer rings are unmodified by 
surface mare deposits.  Gravity gradients show a prom-
inent ring dike to the east and northwest, revealing for 
the first time a middle ring not apparent in surface 
mapping [12]. In crustal thickness models, the southern 
half of this basin shows a strong inflection at the crust-
mantle interface similar to that associated with the 
Outer Rook and Cordillera rings of Orientale.  The ring 
expression at the crust-mantle interface closely corre-
sponds to the radius of the intermediate ring identified 
in the gravity gradients, supporting a near vertical ring 
fault.  A more subtle expression of the outer ring is 
found in the southeastern quadrant.  
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Nectaris also shows a strong signature of a ring 
dike at its intermediate ring in the gravity gradient 
map, despite the fact that this ring is poorly expressed 
at the surface.  Nectaris shows inflections at the crust-
mantle interface at a radial distance of 390-420 km 
from the basin center, very close to the 430 km radius 
of the Altai ring scarp, indicating a near-vertical ring 
fault.  Another ring is clearly expressed to the NE with 
a radius of 280-310 km, very similar to the 300 km 
radius of the middle ring.   

Unlike the basins above, Hertzsprung shows no 
obvious ring dike signature. The crustal thickness 
model of Hertzsprung is also different from the larger 
multi-ring basins. A prominent mantle uplift is con-
tained entirely within the inner topographic ring, sur-
rounded by a bench in which the crust-mantle interface 
is at intermediate depth, outside which the crust-mantle 
interface is strongly depressed within the outer ring. 
This difference in structure may be representative of 
peak-ring bains, which are topographically distinct 
from multi-ring basins [13]. 

Summary and discussion: Ring dikes are found 
on a number of other lunar basins, including basins on 
both the near and farsides. Ring dikes are most promi-

nently expressed in nearside bains, likely due to the 
greater availability of magma and the higher ascent of 
the magma within a thinner crust. Ring faults crossing 
the crust-mantle interface are also found around a 
number of multi-ring basins, supporting recent hydro-
code models of ring formation through inward-directed 
motion of the crust and mantle during the collapse of 
the transient cavity [14]. GRAIL gravity data provides 
a window to the subsurface structure of lunar basins, 
with important implications for their formation and 
evolution. 
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Figure 1. Topography (top), gravity gradients (middle), and crust-mantle interface relief (bottom) for the Orientale, 
Smythii, Nectaris, and Hertzsprung basins.  All figures are in polar projections centered on the basins. 
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