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Abstract 

Lunar lava tubes, formed by volcanic activity, present potential habitats for future human 

exploration due to their stable environments. This research uses a 3D inversion technique to detect 

these tubes by analyzing gravity anomalies from NASA's GRAIL mission. Four potential regions 

were modeled, with two main candidates located at Schröter extension and Rima Mairan. These 

models reveal extensive underground networks, with the Schröter extension tube spanning 63 km 

and the Rima Mairan tube extending 160 km. The study's 3D models, enhanced by LRO 

topographical data, provide critical insights for future lunar exploration and habitation planning. 

Introduction 

Lunar lava tubes are underground channels formed by volcanic activity during the Moon’s volcanic 

period. These intact structures have the potential to serve as secure shelters for human habitation 

and facilities, providing a stable environment with a constant temperature. Due to their lower 

density compared to surrounding rocks, lunar lava tubes can be detected using their gravity 

anomalies. By applying a 3D inversion technique to gravitational gradient data derived from 

NASA’s GRAIL (Gravity Recovery and Interior Laboratory) mission, we have constructed detailed 

3D density models of potential lava tubes, enhancing our understanding of these intriguing 

geological features and their geometries. 



Efforts1, 2, 3, 4, 5, 6, 7, 8 have been made to identify cave conduits near pits using nadir-looking orbital 

ground-penetrating radar, gravimeters, and radiometers. However, the results of these experiments 

remain inconclusive. Direct exploration could confirm the presence of stable subsurface 

environments shielded from radiation and with optimal temperature conditions for future human 

utilization. Yet, such robotic missions would face significant challenges in navigating unknown 

terrains without available predictions regarding the extent and morphology of these conduits. 

Therefore, it is crucial to identify and establish a 3D model of the lava tubes for lunar exploration. 

Methodology 

The 3D inversion technique applied in this research is based on the probabilistic method9 to 

generate 3D density models by inverting gravity/gravity gradient data. The method was assessed 

and proven successful in identifying the density structures of both the upper and lower crust of the 

Earth 10, 11, 12, 13, 14, 15, 16, 17. A significant advantage of this inversion approach is its capacity to 

integrate a priori information regarding physical properties, spatial extent, depth, and orientation 

of the source body via the covariance matrix to construct an accurate and reliable solution. 

The objective function employed for the inversion of gravity data is based on a probabilistic 

inversion method9: 

𝚽𝚽 = (𝐆𝐆𝐆𝐆− 𝐝𝐝obs)𝑇𝑇𝐂𝐂D−1(𝐆𝐆𝐆𝐆− 𝐝𝐝obs) + �𝐆𝐆 −𝐆𝐆apr�
𝑇𝑇
𝐂𝐂M−1�𝐆𝐆 −𝐆𝐆apr�.           (1) 

Here, m represents the model parameter vector, values of the densities of the cells, d is the gravity 

data vector, and G is the forward modeling matrix where Gm = d. The first term of equation (1) 

signifies the data misfit function, weighted by the data error covariance matrix, CD. The second 

term corresponds to the stabilizing function, which accounts for the deviation of model parameters 

m from a reference model mapr, weighted by the model covariance matrix CM. To minimize the 

objective function, the solution is derived below9 

𝐆𝐆� = 𝐆𝐆apr + 𝐂𝐂M𝐆𝐆𝑇𝑇(𝐆𝐆𝐂𝐂M𝐆𝐆𝑇𝑇 + 𝐂𝐂D)−1�𝐝𝐝obs − 𝐆𝐆𝐆𝐆apr�.                          (2) 

To counteract the natural decay of the forward modeling matrix with increasing depth, a depth 

weight function with the following form was used: 

𝑤𝑤(𝑧𝑧) = 1/(𝑧𝑧max−𝑧𝑧)𝛽𝛽 ,                                                  (3) 



where zmax is the maximum depth of the inversion domain and z is the depth of each cell. 𝛽𝛽 is the 

exponent of the depth weight function and typically ranges from 1 to 3. The solution with the 

depth-weighting function is: 

𝐆𝐆� = 𝐆𝐆apr + 𝐖𝐖−1𝐂𝐂M𝐖𝐖−1𝐆𝐆𝑇𝑇(𝐆𝐆𝐖𝐖−1𝐂𝐂M𝐖𝐖−1𝐆𝐆𝑇𝑇 + 𝐂𝐂D)−1�𝐝𝐝obs − 𝐆𝐆𝐆𝐆apr�.           (4) 

Results 

To identify and analyze potential lava tube locations, we developed four distinct density models 

for different regions that were identified as lava tube candidates. Our 3D inversion density models 

indicate a high likelihood of lava tubes in two primary areas: Schröter extension (W54°, N24°) 

and Rima Mairan (W46°, N36°). The candidate lava tube (Figure 1) in the Schröter extension spans 

63 km in length and approximately 400 m in height, which suggests it could be an extension of the 

Schröter Rill, a prominent sinuous rille, or depression, on the lunar surface. The second area, Rima 

Mairan, lies near two known sinuous rilles, specifically south of Rima Sharp and west of Rima 

Mairan. The candidate lava tube (Figure 2) in this region extends 160 km in total length with a 

height of up to 300 m. This extensive structure is divided into western and eastern segments by a 

high-density anomaly. The western segment measures approximately 56 km and is oriented WNW-

ESE, while the eastern segment measures about 94 km and is oriented W-E. These findings 

highlight a potentially vast underground network that could be utilized for future lunar exploration 

and habitation. 

Our 3D models are consistent with previous length and height estimations obtained from forward 

modeling techniques, yet they provide a more detailed spatial distribution of the lava tubes. This 

enhanced detail is made possible by the integration of topographical data from the Lunar 

Reconnaissance Orbiter (LRO) mission, which allows for more accurate and comprehensive 

modeling. These sophisticated 3D models are essential for understanding the formation and 

distribution of lunar lava tubes and play a vital role in planning future lunar stations. 



 

Figure 1. Gravity gradient anomaly in Schröter extension region derived from NASA's GRAIL 

mission and 3D density model from inversion, which is shown in the blue bodies and interpreted 

as potential lava tube. 



 

Figure 2. Gravity gradient anomaly in Rima Mairan region derived from NASA's GRAIL mission 

and 3D density model from inversion, which is shown in the blue bodies and interpreted as 

potential lava tube. 
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