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Introduction: The enigmatic lunar features known 

as “swirls” are unusual high-reflectance markings first 

observed during the Apollo era [1]. Swirls have been 

observed in both mare and highland settings [2], and all 

observed swirls are spatially correlated with lunar mag-

netic anomalies, although not all lunar magnetic anoma-

lies have corresponding swirls [2,3]. Despite their early 

identification, the formation mechanism of lunar swirls 

is a matter of on-going debate. Recent spacecraft mis-

sions have returned a suite of key datasets that have 

allowed for significant progress to be made in the char-

acterization of lunar swirls, particularly from the Moon 

Mineralogy Mapper [4], the Mini-RF radar [5], the Di-

viner radiometer [6], the Lunar Reconnaissance Orbiter 

Camera Wide Angle Camera (LROC WAC) [3], and the 

Lyman Alpha Mapping Project [7]. Here, we use data 

acquired by the LROC (LROC NAC) to provide a geo-

morphological assessment of the type example of a lu-

nar swirl, Reiner Gamma (Fig. 1), as a means of further 

investigating the proposed swirl formation processes. 

Proposed Swirl Formation Mechanisms: There 

are three leading hypotheses for the formation of lunar 

swirls: 1) regolith disturbance resulting from a recent 

cometary impact and interactions of the surface with the 

coma [8, 9, 10, 11], 2) atypical space weathering of the 

surface caused by magnetic shielding of the surface and 

solar wind standoff [12, 13], and 3) preferential magnet-

ic sorting of levitated dust [14, 15]. In this study, we 

focused on three geomorphologic investigations: the 

presence or absence of stratigraphic layering, the rela-

tive age of the swirl compared with background mare, 

and variations in soil maturity.  

Morphologic Investigations: For our morphologic 

investigations, we used LROC-NAC regional data 

products prepared by the LROC team. We utilized a 

combination of low- and high-incidence mosaics. The 

low-incidence data products had an average incidence 

of 16°, and emphasize variations in reflectance and scat-

tering properties. The high-incidence products had an 

average incidence of 70°, and emphasize surface texture 

and morphologic structure, such as impact craters. 

Swirl Structure. Our first investigation focused on 

the transition from off-swirl regions to on-swirl regions. 

We observed that although the Reiner Gamma swirl 

boundaries appear to be clearly delineated at the large 

scale, close examination reveals a continuous reflec-

tance transition from off-swirl regions to on-swirl. This 

transition zone is approximately 1 km in width and is 

observed at both the boundary between the swirl and the 

background mare and also on the edges of the dark 

lanes, which themselves are only ~600 m in width. This 

transition in reflectance could suggest either mixing 

between swirl material and background material, or may 

be related to the structure of the local magnetic anomaly 

(field strength and direction).  

Stratigraphic Layering. Impact craters are frequently 

used to probe crustal layering, as the impact process 

exposes at the surface material that was previously bur-

ied. The identification of dark-halo impact craters has 

been used in previous studies to identify the extent of 

cryptomare deposits [16]. In our investigation using the 

low-incidence (high-Sun) mosaic images, we discovered 

previously unnoted occurrences of small impact craters 

that expose low-reflectance material, distributed (most 

frequently asymmetrically) within the continuous ejecta 

deposit of the crater (Fig. 2A, B). The low-reflectance 

material was occasionally visible in the corresponding 

high-incidence mosaic, although was frequently not 

identifiable. These low-reflectance deposits were ob-

served around impact craters in varying states of mor-

phologic degradation, suggesting persistence through 

geologic time. The low-reflectance deposits were also 

observed around impact craters varying in diameter 

from ~100 m down to the resolution limit (1 m). Thus, if 

the low-reflectance ejecta originated from a discrete 

stratigraphic layer, it must be covered by perhaps only 

tens of centimeters of high-reflectance swirl material. 

However, we find it unlikely that the low-reflectance 

material represents a continuous, discrete stratigraphic 

layer. The distribution of low-reflectance material is 

strongly asymmetric, and distinct from the excavation 

style displayed by traditional dark-halo craters (Fig. 

2C). Additionally, while low-reflectance deposits are 

observed more frequently in the swirl transition zones, 

they are not observed around every crater, as would be 

expected for a continuous, discrete layer. 

Using the low-incidence image mosaics, we also 

identified craters that appear to expose high-reflectance 

material. These bright craters are observed both within 

the dark lanes and in the high-reflectance swirl; a prior 

study noted small, bright-ejecta craters only in the dark 

lanes [17]. Unlike the low-reflectance material, the 

presence of the high-reflectance material is directly cor-

related with the crater degradation state, with morpho-

logically fresh craters possessing extensive, rayed, high-

reflectance material, and morphologically degraded cra-

ters possessing no observable high-reflectance deposit. 

We suggest that the high reflectance is related to rego-
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lith maturity, and is removed in the course of the space 

weathering process. 

Relative Swirl Ages. In addition to assessing the ge-

omorphology of the swirl, we used the high-incidence 

NAC image mosaics to assess the relative age of the 

Reiner Gamma swirl compared to a nearby non-swirl 

region of the same mare unit (Fig. 1) using crater size-

frequency distributions. To identify the mare unit we 

used the Oceanus Procellarum unit map of Hiesinger et 

al. (2003) [18], and selected two LROC-NAC image 

pairs with incidence and emission angles similar to the 

Reiner Gamma high-incidence (low-sun) mosaics. To 

perform the counts we used the CraterTools extension 

for ArcGIS [19], and counted all craters with D ≥ 100 

m. The relative areal density of craters suggests that the 

Reiner Gamma swirl area (N(1) = 4.76  10
-4 

km
-2

) is 

the same relative age as the host mare unit (N(1) = 4.71 

 10
-4

 km
-2

). Alternatively, the similarity of the N(1) 

values suggests that the swirl formation mechanism did 

not modify the impact cratering record in this region. 

Conclusions: By using high-resolution LROC-NAC 

images, we performed a detailed study of the Reiner 

Gamma lunar swirl. We identified a transition zone at 

the edges of the swirl, which is predicted by the solar 

wind standoff hypothesis and should have a width de-

termined by the near-surface field strength [12, 14]. We 

have also identified numerous small craters within the 

high-reflectance portion of the swirl that appear to ex-

cavate low-reflectance material; however, unlike tradi-

tional dark-halo impact craters, the data do not suggest 

that this low-reflectance material is a continuous, dis-

crete stratigraphic layer. Ongoing work is investigating 

the nature of this material and whether it represents un-

usual photometric properties of the soil, or is instead 

distinct in composition. We have also identified a suite 

of craters with high-reflectance ejecta anomalies. The 

presence and morphology of these deposits are directly 

correlated with the crater degradation state, suggesting 

that they are associated with the space-weathering pro-

cess. Finally, a comparison of relative crater density on 

the Reiner Gamma swirl compared to a nearby region of 

the same basal mare unit suggests that the formation of 

the swirl did not alter the impact record for craters >100 

m diameter. Thus, it is unlikely that the swirl was 

formed by surface scouring by a comet or meteoroid 

swarm [8, 9, 10]. However, more recent discussions of 

comet- and dust-related swirl formation propose that 

only the upper millimeters to centimeters of regolith 

might be affected [11, 15]. We are continuing these in-

vestigations at the Mare Marginis and Mare Ingenii 

swirls. 

 
Figure 1: Regional view of the Reiner Gamma swirl. The red 

outline denotes the Reiner Gamma crater count region, and the 

blue outlines denote the non-swirl mare unit crater count re-

gion. LROC-WAC global mosaic basemap. 

 
Figure 2: (A) Low-incidence LROC-NAC image of low-

reflectance material excavated by two craters (arrows). (B) 

High-incidence LROC-NAC image of the same region (arrows 

denote same craters). Excavated low-reflectance material is 

visible in the ejecta of the upper crater (shorter arrow), but not 

the ejecta of the lower crater (longer arrow). (C) Traditional 

dark-halo ejecta crater excavates mare material from beneath 

the rays of a nearby fresh impact crater (31.9°S, 147.07°E). 

(A, B) (6.88°N, 59.44 °W) 
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