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Introduction: The recent and current stress state of the 
Moon is dominantly contractional. This is evident from 
a vast population of globally distributed lobate thrust 
fault scarps revealed in images returned from the Lunar 
Reconnaissance Orbiter Camera (LROC) [1-3]. The pe-
riod of dominant global contraction appears to date back 
as far as ~3.6 Gyr when large-scale mare basin-related 
extension appears to have ceased [4-7], marking a stage 
in the Moon's thermal history at which interior cooling 
resulted in a shift from net expansion to net contraction 
[8, 9]. During the last stages of this period of net expan-
sion, starting at ~3.9–4.0 b.y., the mare basalts were em-
placed [10]. Coincident with and following their em-
placement, mare basalts were deformed by contractional 
tectonics in the form of wrinkle ridges [11]. Wrinkle 
ridges occur in the interiors and near the basin-margins 
and are often accompanied by graben at the margins or 
exterior to the mare basins. The spatial distribution of 
wrinkle ridges and graben and their association with pos-
itive free-air gravity anomalies is the basis for the mas-
con tectonic model [12, 13]. The accumulation of mare 
basalts on an impact-thinned and weakened lithosphere 
results in load induced flexure and subsidence, causing 
contraction in the interior of the basin and extension near 
the margins [12, 13]. Complex patterns of wrinkle ridges 
have been revealed in recent global surveys using LROC 
WAC and NAC images and mosaics and WAC stereo 
derived topography [e.g., 14, 15] (Fig. 1). Perhaps most 
intriguing are the complex patterns that have emerged in 
the non-mascon mare such as Mare Frigoris and Procel-
larum. 
Ancient Rifts: Unprecedented resolution global gravity 
field maps of the Moon have been provided by the Grav-
ity Recovery and Interior Laboratory (GRAIL) mission 
[16-18]. Numerous previously unresolved features in the 
lunar crust have been revealed including tectonic struc-
tures and volcanic landforms [16]. Prominent narrow lin-
ear anomalies that border Procellarum and Mare Frigoris 
apparent in GRAIL Bouguer gravity gradient maps [19] 
are interpreted to be a pattern of rift valleys formed when 
the Procellarum KREEP Terrane (PKT) cooled and con-
tracted, resulting in extension at its margins [20]. It it 
suggested that this ancient rift system was flooded by 
mare basalt. Accompanying dyke intrusion may have 
supplied magma that filled the nearside mare basins and 
lowlands. Andrews-Hanna et al. [20] speculate that fill-
ing of the rifts resulted in load-induced flexure and con-
traction that inhibited further magma ascent and local-
ized wrinkle ridges with orientations that parallel the 
buried rifts [20]. They also suggest that wrinkle ridges 

over and parallel- ing the bordering rifts may express 
structural control by these buried features. 
Wrinkle Ridges of Procellarum and Frigoris: The dis-
tribution of wrinkle ridges mapped using LROC mosaics 
and stereo derived topography indicates a direct spatial 
correlation with segments of the narrow linear Bouguer 
and gradient anomalies (Fig. 1).  A large number of the 
wrinkle ridges that occur outside the mascon basins are 
spatially associated with the anomalies. The hypothesis 
that co-located wrinkle ridges have been controlled by 
subsurface structures related to buried border rifts can be 
tested by examing the displacement-length (D/L) of 
wrinkle ridges within and outside areas delineated by the 
GRAIL Bouguer gradient anomalies. Fault displacement 

scales with length as a linear function such that D = gL, 
where g is a constant governed by mechanical properties 
and tectonic setting [e.g., 21, 22]. Analysis of the Dmax 
and L for 26 co-located ridges and 34 ridges outside 
zones defined by the gradient maps in Procellarium and 
Frigoris using LROC image mosaics and stereo-derived 
DTMs have been made. The values of g for both popula-
tions of wrinkle ridges are nearly identical at @6.1´10-3 
for q = 30° (Fig. 2).  Thus, no significant difference in 
the distribution of maximum displacement or lengths of 
the measured ridges within and outside of the anomalies 
is evident. The linear scaling relationship (Fig. 2) indi-
cates that the growth of the analyzed thrust faults was not 
restricted by other influences [23], like subsurface struc-
tures. Restricted fault growth can be expressed by non-
linear paths that deviate significantly from unrestricted 
growth trends. Thus, there is no evidence the co-located 
ridges were influenced by buried structures related to an-
cient rifts.  
Elevation Offset Ridges: Evidence of restricted growth 
is found in the D/L relationship of the mare ridges with 
large elevation offsets (EO). This class of wrinkle ridge 
occurs in mascon basins, exclusively near the basin mar-
gins, and with the offset on the interior-side of the ridge. 
Large elevation offsets have been cited as evidence of 
deeply rooted thrust faults [24, 25]. The D-L values of 
these wrinkle ridges do not fall along the trend defined 
by the population of mare ridges in Procellarum and 
Frigoris (Fig. 2). The observed deviation may reflect re-
stricted growth of the EO ridge thrust faults due to the 
influence of subsurface basin structure. Large impact ba-
sins are characterized by peak-rings and down-dropped 
blocks forming terraced zones [see 26]. The sensitivity 
of wrinkle ridges to shallow mechanical discontinuities 
such as buried impact craters (i.e., ghost craters) suggests 
that the EO ridges were controlled by shallow thrust 
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faults localized by buried peak rings or reactivated nor-
mal faults formed during transient crater collapse. Thus, 
EO ridges may not be the result of deeply rooted, unre-
stricted thrust faults. 
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Figure 1.  GRAIL Bouguer gravity gradient map with tectonic landforms. The gradient map was derived from the GRGM900C field model (units 
are Eötvös) [19]. Wrinkle ridges (white lines) are collocated with roughly linear border gradient anomalies. The mascon mare appear as dark blue 
circular features. Wrinkle ridges plotted are those with digitized segment lengths >10 km along with basin related extensional graben (black 
lines).  The GRAIL Bouguer gravity gradient map was provided by Sander Goossens and Erwan Mazarico. 
 

 
 
Figure 2. Log-log plot of maximum displacement as a function of fault length for wrinkle ridges in Mare Procellarium and Mare Frigoris and 
elevation offset ridges.  Co-located ridges are spatially associated with GRAIL Bouguer gravity gradient anomalies bordering Procellarium and 
Frigoris (see Fig. 1).  Outside ridges are not spatially co-located with the gradient anomalies.  Elevation offset (EO) ridges are located in mascon 
mare basins and are not found in Procellarium and Frigoris.   
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